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PREFACE 


My aim in writing this book has been to give a compre- 
hensive account of the science of Heat in both its theoretical 
and experimental aspects, so far as this can be done without 
the use of the higher mathematics. It is intended for students 
who already possess an elementaiy knowledge of fundamental 
physical principles, but whose training has not, as yet, qualified 
them to derive full benefit from more advanced text-books, 
foremost amongst which must be placed the excellent treatise 
on “ The Theory of Heat,^’ by Professor Thos. Preston* M.A., 
F.R.S., &c. 

Much recent work has been included in order to give as 
complete and many-sided a survey of the subject as possible. 
The experiments to be performed by the student have been 
selected so as to illustrate the most important points in each 
chapter, and it is believed that the descriptions given will be 
found sufficient to ensure accurate results. 

Great stress has been laid on the necessity for due precautions 
in connection with thermometry. The whole science of heat is 
based on thermometric measurements, hence too great an im- 
portance cannot be attached to this part of the subject. 

Following the nomenclature used in the Smithsonian Physical 
Tables^ the term ihcrtn has been used ta denote the quantity of 
heat necessary to raise the temperature of one gram of water 
through Confusion between the gram-calorie and the 
kilogram-calorie (which are often indiscriminately denoted by 
the term calorie) is thus avoided. 

In treating of Thermodynamics an acquaintance with the 
method of expansion by the Binomial Theorem is assumed* 
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The notation of the infinitesimal calculus has been used, but 
each problem has been worked out from first principles, no 
previous knowledge of the calculus being taken for granted. 
The proofs given are consequently often much longer than 
those found in advanced text-books, but the clear indication 
of the various assumptions made in the course of each investi- 
gation will prove a sufficient compensation to the conscientious 
student. The necessity for a careful study of Thermodynamics 
has been emphasised by the recent publication of popular 
accounts of the “ wonderful” properties of liquid air. Even a 
slight knowledge of thermodynamical principles would have 
created as much distrust in these reports as in an account of 
any other method of obtaining perpetual motion. 

A short section has been devoted to the use of Temperature- 
Entropy diagrams. 

Owing to the kindness of the publishers a considerable 
number of illustrations, representing historic apparatus, has 
been included, those marked [P.] being from the previously 
mentioned treatise of Prof. Preston, but no fewer than 155 
figures have been specially prepared for the book. 

My best thanks are due to Prof. R. A. Gregory and Mr. A. 
T. Simmons for their constant help and advice whilst the sheets 
have been passing through the press. Mr. Robert B. Thomp- 
son and Mr. Leslie H. liounsfield have also kindly read the 
pi oofs of the earlier pages, and their criticisms, being those of 
earnest and painstaking students, have proved most valuable. 

My thanks are also due to the authorities of the Albert and 
Victoria Museum, South Kensington, who kindly gave me per- 
mission to photograph some valuable historical apparatus in 
their collections for reproduction in this book. 

EDWIN EDSER. 

PUTNFA', 

September i 1899. 

The oj students is directed to the solutions of dijficult 

probkms given on pp. ^07 -479. 



PREFACE TO REVISED EDITION 


The firm establishment and extended appeal of Edser’s 
Heat for Advanced Students as a standard textbook is evi- 
denced by the large number of reprints since the work 
appeared nearly forty years ago. For a considerable part 
of this period, elementary calculus was not regarded as a part 
of the general mathematical eejuipment of the type of student 
to which the book was primarily addressed. In more recent 
years, however, the situation has entirely changed, and for 
some time it has been felt that the whole text should be 
brought more into line with modern requirements. The death 
of Mr. Edwin Edser, on August 17th, 1932, entailed that the 
work of revision had to pass into other hands, The essential 
character of the book has been preserved, and the most notable 
change is the introduction of the methods of the calculus 
wherever this concise treatment would now be normally 
used in the formulation of results, and for the theoretical 
aspects of the subject, particularly in thermodynamics and its 
applications and development. The term calorie, in con- 
formity with present usage, replaces therm previously used 
in the same sense. A certain amount of matter which now 
barely claims historical interest has been eliminated, and, 
throughout the whole text, obsolete matter has been replaced 
by up-to-date experimental and theoretical treatment. 
Other alterations come under the headings of additional and 
revised diagrams, new experimental methods and results, 
revision of tabulated numerical data, and the introduction 
of aspects of the subject which have emerged during the 
present century. In the latter connection the final ciiapter, 
a 2 
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on radiation, has been rewritten to include a simple intro- 
duction to the quantum theory. 

It must be stressed that finality is not even in sight in the 
realm of fundamental heat theory, and it is hoped that the 
student will be inspired to follow up and keep in touch with 
one of the most fascinating themes of modem theoretical 
physics. 

A separate name and subject index is now provided, and 
the latter has been considerably extended and more amply 
cross-refcrenccd . 

It is a pleasure to acknowledge gratefully the invaluable 
and ever-ready assistance and advice of Sir Richard Gregory, 
Bart., F,K.S., during the whole of the time that the work of 
revision and rewriting has been in progress. 


Bedford. 


N. M. BLIGH. 
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CHAPTER I 

TEMPERATURE AND THERMOMETRY 

Temperature. — Our unaided senses suffice to distinguish 
between those conditions of a body which are designated by 
the terms hot and cold. It may, however, be remarked that the 
information thus acquired is of a somewhat relative character, 
A well-known experiment will illustrate this. n 

' Expt. I. — Arrange three bowls, A, B, C, so that A contains cold 
water, B contains water that is somewhat warmer than that in A, whilst 
the water in C is warmer than that in either A or B. Immerse the 
right hand for some time in C, the left hand at the same time being 
imnierseci in A. Now plunge both hands into B ; the water in this 
bowl will be felt to be cold by the right, and warm by the left hand. 

On a fn!sty day, a piece of metal wdiich has been exposed to 
the air, will seem colder, when touched, than a piece of wood 
which has been similarly treated, although both the wood and 
metal are really equally cold. 

Nevertheless, our ideas of hotness and coldness are funda- 
mentally derived from our sensations ; and though we may have 
cause to distrust, in particular instances such as those given 
above, the information which we obtain through these channels, 
it does not follow that we should, even w^ere it possible, discard 
entirely these foundations for our knowledge of the phenomena 
connected with the science of Heat. ^ 

€ 
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We tnay understand the expression “the temperature of a 
body'’ to mean its hotness (in the first place as determined 
by our sensations), compared with some standard temperature 
to he selected. A satisfactory definition of the meaning of the 
term “ temperature "is at present impossible ; the definitions 
which have been proposed either contain vajgue terms which ' 
render their use exceedingly unscientific, or else they define a 
state, of which we have some positive knowledge, in terms of 
certain assumptions which are really forced upon us by pheno- 
mena connected with the very condition which we seek to define. 
The latter form of arguing in a circle is to be particularly 
discountenanced. 

Unsatisfactory Definitions of Temperature.— A few 
remarks upon some definitions ' of temperature, frequently met 
witli, but fundamentally unsatisfactory, will illustrate the diffi- 
culty of expressing the meaning of temperature in exact words, 

1. “The temperature of a body is the energy with which the 
heat in a body acts in the way of transferring or communi- 
cating a portion of itself to other bodies.” 

This is a mere string of words, which may be learnt by heart, 
and may so give a feeling of knowledge gained. But upon 
analysis it is found to explain temperature — of which, as before 
remarked, we have some definite kno\\ ledge— in terms of “heat ” 
(a hypothetical substance) and “ energy ” (a term which has a 
definite medianical signification, but is here loosely applied, or 
misapplied). 

2. “ The temperature of a body is its power to communicate 
heat to otlier bodies.” 

This definition, though simple, and therefore to be preferred 
to the above, is essentially bad : (a) in the use of the term 
“ power ” in an unscientific sense, and (6) in introducing the 
assumption of something new and unknown, termed “ heat,” to 
explain temperature. 

Other similar definitions comprise such terms as " sensible 
heat.’* These are either meaningless or erroneous. We are 
not directly sensible of heat, but of the temperature to which 
our skin is raised. 

At this stage, therefore, wc may much more usefully under- 

I For a further discussion of this point see Preston's Hratj p. 31. Macmillan 

md Co. ^ 
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5taiid by temperature merely H%e hotness of a body measured in 
a manner to be subsequently agreed upon, 

A great part of the science of Heat is occupied with settling 
the most trustworthy methods of measuring temperature. 
Some of these methods will be described in the present 
dbapter. 

It is, however, essential to distinguish between heat and 
temperature, and a further experiment may be mentioned to 
make this difference more precise. If a thin f^iece of platinum 
foil and a similar piece of copptT are held in a Bunsen flame for 
lo seconds the platinum, on being removed from the flame, 
can be touched without discomfort, whereas the copper is far 
too hot for this to be done. Both must have reached the 
same temperature or state of hotness in the flame, but the 
platinum acquired far less heat than the copper. Hence we 
can at present regard temperature as a state of a substance 
acquired by the presence of that which, for the time being, 
we term heat, to be subsequently more precisely defined. 

Thermosoopes. — A thermoscope may be defined a.s an 
arrangement which indicates the attainment of a certain arbitrary 
temperature. 

Exrr, 2. — Support a piece of thick sheet copper in a horizontal, 
position on a tripod stand, and sprinkle small quantities of sulphur, 
lead, washing soda, paraffin wax, sealing wax, &:c., &c., on it ; then, if 
the copper be gradually heated by means of a Ikinseu burner, it will be 
found that first one and then another of these substances will be 
melted. 

We might, therefore, when the paraffin wax melts in the fore- 
going experiment, say that the copper is at the temperature of 
melting paraffin wax, and so on. This method is actually used 
in certain scientific experiments. 

Ex,pt. 3. — It is well known that the dimensions of almost all 
bodies arc altered by a change of temperature. A well-known ex- 
periment illustrates this. A brass hall which, when cold, will pass 
freely through a certain circular aperture, is found to be too large 
to do so when its temperature has been considerably raised. On cool- 
ing, however, it falls through the aperture when a certain temperature 
is reached, and we might use this fact to define a certain arbitrary 
temperature of the Ijall. 

A Thermometer is an Instrument designed to 
measure Temperature.— As a matter of fact, thermometers 
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primarily indicate the temperature of the substances employed 
in their construction ; but it is generally arranged that these 
substances should acquire the temperature of 
the medium in which they are placed. 

Any property of matter which varies con- 
tinuously with the temperature might be used 
to measure temperature. Thus, linear ex- 
pansion, cubical expansion or dilatation, the 
electrical resistance of a conductor, the thermo- 
electric force at the junction of the two unlike 
metals— all these and many other properties 
arc used to measure temperature. In every 
case, however, the measurements are based on 
the arbitrary selection of two standard tem- 
peratures, and the subdivision of the interval 
between them into a convenient number of 
divisions or degrees. 

The methods used in measuring temperature, 
and the precautions to be adopted in construct- 
ing a thermometer, are well illustrated in the 
construction and use of a mercury thermometer ; 
the gen(.*ral principles will now be described. 

General Principles of the Mercury 
Thermometer. — When mercury is heated, 
its volume increases; consequently, if a method 
of measuring this increase of volume can be 
arranged, the temperature corresponding to 
any given increase can be defined. 

1 .et us suppose that we have a bulb blown on 
tht^ end of a glass tube, and that the bulb and 
part of the tube are filled with mercury. Let 

# us furtluir assume, for the moment, that the 
volume of tlu‘. bulb and tube remains unaltered 
as the temperature is varied. Then, if the 
mercury be c ooled to the temperature of melt- 
ing ice, by immersing the bulb and the part of 
Thermometer, tlic Stem tilled With mercury m ic^e-shavings or 
snow, the position occupied by the mercury meniscus may 
be marked on the stem, liius giving one fixed temperature. 

It if known that a pure liquid Ixiils at a constant tem- 
perature as long as the pressure of its vapour is maintained 
constant. Consequent ly , the temperature of the vapour above 
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pure water, boiling under some arbitrary pressure, will be 
constant, and we may define this as the second fixed point on 
the thermometric scale. The bulb and that part of the tube 
containing mercury are placed in steam, and the position of the 
extremity of the mercury column is marked on the stem. 

If the bore of the tube is uniform along its whole length, 
we may divide the space between these two marks into any 
convenient number of equal spaces — one hundred such spaces 
are marked on an ordinary Centigrade theritiometer. When 
the mercury meniscus is opposite any one of these, we may 
state that the temperature of the mercury has a certain value ; 
and if the conditions of the experiment are so arranged that 
the thermometer thus constructed has had an opportunity of 
acquiring the temperature of the surrounding medium, we 
may thus determine the temperature of the latter. 

We have tacitly assumed, up to the present, that one end of 
the thermometer tube is open to the atmosphere. The dis- 
advantages of this arrangement are : 

1. Liquids or foreign substances might enter the tube, and 
thus cause trouble. 

2. Mercury might leave the tube ; this would certainly 
happen, since mercury slowly evaporates, even at ordinary^ 
temperatures. 

Consequently, an advantage will be gained by closing the end 
of the lube. As a general rule, the space above the mercury 
is freed from air ; if this were not so, the pressure produced 
by the compression of the enclosed air by the expanding 
mercury would break the walls of the bulb, unless these were 
very thick. 

Construction of a Thermometer.-— The first thing to be 
attended to in this connection, is the selection of the tube to be 
used for the stem of the instrument. As to the boi*e of the tube, 
it can easily be seen that the smaller this is, the greater will be 
the sensitiveness of the thermometer, absiiaiing the bulb to have 
the same size in all cases ; or, on the other hand, for a given 
sensitiveness, the size of the bulb can be diminished, according 
as a tube of a finer bore is employed. The exact relation 
between the bore and the si^e of the bulb may be determined 
as follows : — 

Let V volume of bulb. (If the bulb is spherical, v ^ where 

R — radius of the sphere.) 
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hei u — internal sectional area of tube. (If the section of the bore is 
circulatr, a ~ Trr®, where r — internal radius of the tube.) 

Let X ~ distance that the end of the thread of mercury in the stem 
moves through for a rise of temperature of C. 

Let a - the increase in volume experienced by unit volume of mercury 
when heated throngli C. 

The increase in the volume of the mercury contained by the bulb 
when the temperature is raised bv C. ~ va. This mercury flows mto 
the stem, and Alls an extra length x of the latter. 

Va 

*, ax •- Va . . X ~ * 

a 

With a spherical bulb and a stern of circular bore, 

X ~ “r “ — « «• 

nr* 3 r* 

Example. — I t is required to construct a mercury thermometer from 
tubing of circular bore, the internal diameter being equal to mm. 
Wliat must be the diameter of the bulb blowm (taking a - *000x81 per 
I® C.) in order that the distance between consecutive degree divisions 
should bo equal to 2 mm, ? 

In accordance with the above reasoning R* = 2 ^ • 

a 


R» - - X 3 X ( l)* X - - - -2- ^ 
4 ' ' -oooiBi 

R ~ ^'83 -8 - 4*36 mm. 


83*8. 


Internal diameter of thermometer bulb — 872 mm. 


This example shows that in order to obtain reasonable 
sensitiveness, comliined with a bulb of moderate size, a tube of 
very small bore must be used. 

Thermometers with Cylindrical Bulbs.— Ordinary 
chemical thermometers are made with cylimlrical bulbs, so as 
to facilitate their introduction into flasks, &c., througli small 
apertures. A not uncommon length for such a bulb would 
be 20 mm., the diameter l:)eing about 3 mm. Let us now 
determine what must be the diameter of the tube employed, in 
order that successive degree divisions should be 2 mm. apart. 


X ~ 2 mm. 

V — w X (r*5)* X 20 c. mm. 

Hence, if r internal radius of the tube employed, which is supposed 
to have a circular bore, 

irf® X 2 - IT X (i* 5 )* X 20 X *000181, 
f* — 'Oo^ooSy mm, 

• f ^ -0637 mm. 

Internal diameter of tube 0*1274 mm. 
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This bore is so small that great difficulty would be experienced 



in noting tlie position of the end of the mercury 
thread* In order to overcome this difficulty, 
tubing with an elliptical or flattened bore 
(Fig. 3) is generally used. Thus, when the mer- 
cury is viewed at right angles 
to the longer axis of the 
ellipse, the position of the end 
of the column is plainly visibliSf. 

The glass itself serves to 
furnish a magnified image of 
the mercury column. In ad- 
dition, a layer tn white enamel cal Thermometer, 
is frequently embedded at the 
back of the tube; thus giving a good back- 
ground for viewing the mercury. 

In chemical thermometers of the class under 
discussion, the graduations are generally en- 
graved on the front or clear glass surface of 
the thermometer tube. In taking readings, it 
is necessary to carefully avoid parallax* This 
can be done with great accuracy by placing the 
eye in such a position that the engraved divi- ' 
sions in the neighbouriiood of the lop of the 
mercury column are seen just to overlap their 
reflections in the me^cul:3^ 

Thermometer Tubes should be of 
TJniform Bore. — In selecting a tube for the 
con.struction of a thermometer, it is most im- , 
portant to determine whether the bore is uni- 
form throughout the length to be used. This 
point may be settled by carefully sucking a 
short tliread of mercury into the tube, and 
measuring its length by means of a travelling 
microscope when occupying various positions 
in the tube, A tube in which these lengths 
vary by more than a very small amount should 



Fig. a.— Chemical be discarded. 


Therroometcr, 


The bulb of the tliermometer is sometimes 


blown directly from the glass composing the tube, but more 
often is made independently and fused on to the stem* Before 
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doing so, the inside of the tube is carefully clean^id, as any 
traces of dust or other foreign matter will subsequently cause ^ 
great trouble and annoyance. 

Filling the Thermometer. — Before the bulb has been 
sealed on to one end of the stem, a thistle funnel A is blown 
on the other end of the latter. The tube is also 
drawn out at the point B where the thermometer 
A is to, be scaled oh. In doing this, care must be 
taken to pull the tube out as little as possible, 
but to allow the glass to collapse so as to leave 
B only a very fine aperture, the walls remaining 
thick. 

C 11 is further w-orth while to blow a small ex- 

pansion, C, at a point just above the position 
selected for the graduation marking the highest 
temperature which the thermometer is required 
to measure. By this means accidental breakage 
of the thermometer through a small overheating 
is guarded against. 

The funnel A having been filled with pure 
dry mercury, the bulb I) is slightly heated so 
as to drive out some of the imprisoned air. 
On allowing D to cool, mercury will lx* draAvn 
in. Amateurs often heat the bulb too much 
to start with, resulting in a breakage due to 
the cold mercury suddenly cooling the hot 
glass. When once a small amount of mercury 
has been drawn into the bulb there is less fear 
of this mishap, since the bulb is then not likely 
to be heated to a greater temperature than that * 
of boiling mercury. 

Subsequent heatings and coolings will suffice 
to entirely fill the bulb and stem with mercury. 
Fk* -Chemical wliolo of the Contained mercuiy 

Thermorneie! in Hiust be boilcd. This camiot bc douc without 
considerable risk when notliing further than a 
naked liamc is used . Greater safety is attained 
by placing the thermometer, together with its attached tliistle 
funnel filled with mercury, in an enclosure which can be 
heated to a sulficientl}^ high temperature, and subsequently 
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allowed to cool gradually. The mercury is boiled in order to 
drive ojEf the air which otherwise always clings to the walls of 
the tube. 

In order to seal the thermometer off, the mercury in the 
bulb and stem is raised to a temperature sufficiently above 
that which is to correspond to the highest graduation ; tliis 
temperature will be that at which the thermometer will burst 
after being sealed off. A small pointed llame is tlien directed 
on to the constriction B, Fig. 4, and the mercury having been 
evayjorated from the neighbourhood of the point of the flame, 
the temperature is increased till the 
tube fuses and the walls ftill togeilier, 
when the upper part may be pulled off. 

Determination of the Fixed 
Points. — ^The most convenient fixed 
points for a thermometric scale are 
those corresponding to the melting 
of pure ice in distilled water, and the 
boiling point of water at standard 
atmospheric pressure. The deter- 
mination of the fixed points of a 
thermometer should be postponed for 
at least a week after the thermometer 
has been filled and scaled. The 
reason for this is that for a consider- 
able time after being blown the bulb 
undergoes a minute contraction, so 
that if the instrument were graduated 
without allowing a period to elapse 
for the more appreciable part of this Fig. 5.— Arrangement for Deter- 
contraction to take place, the gradua- a 
tions would cause the thermometer 

to read too high. This important source of error is referred to 
in Chap. II> p. 35, under change of zero. To avoid an error of 
this type the freezing point must be marked before the boiling 
point, otherwise an immersion of the bulb in ice soon after 
being surrounded by steam would be liable to cause the zero 
to be marked too low. 

Tn order to determine the freezing point, the lower part of 
the thermometer is surrounded with ice shavings,, or freshly- 
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fallen snpw ; a better result is thus obtained than when ice in 
the form of small blocks is used. For a very accurate deter- 
mination, distilled water contained in a test tube is frozen 
round a piece of copper rod, and the latter having been re- 
moved, the thermometer bulb is placed in the aperture so 
formed, the space between the bulb and the ice being filled with 
distilled water. The whole is then placed in an inverted funnel 
filled witli ice shavings, and left for a space of half an hour or 
so. The position of the extremity of the mercury column may 
then be marked, and if it is found that no alteration in its 
position takes place in about ten minutes, this point may be 
taken as the freezing point, or zero of the thermometer. 

In order to facilitate marking the pplition of the freezing 
point, a thin layer of varnish or paraffin wax may be laid on 
the stem ; a scratch in this maybe subsequently etched into the 
glass by means of hydrofluoric acid gas. 

Expt. 4. —You are provided with a mercury thermometer, a 
funnel, some ice, and a chisel or a steel plane, and are required to test 
the accuracy of the freezing point {o°C. ) us marked on the thermometer. 

By means of the chisel or plane obtain a quantity of ice shavirtgs and 
.place these in the funnel. Embed the thermometer bulb and the lower 
jxirt of the tube in the.se, and take readings at intervals, entering these 
in your observation book. The reading which the mercury meniscus 
finally gives may be taken as the true zero of the thermometer. Hence 
deduce the error of the instrument supplied, and wTite this down, being 
careful to note whether this error is t- or - . 

The correct determination of the boiling point mark on a 
thermometer is a matter of greater difficulty. It is liest to 
mark the position of the extreiniiy of the mercury column 
when the bulb and stem are surrounded by .steam, at the same 
time noting the height of the barometer. A correction can 
then be calculated, giving the amount by which the graduation 
so obtained is removed from the boiling point under standard 
atmospheric pressure. 

The apparatus used for the determination of the boiling point 
isa hypsomeier (Fig. 6) , It is best to provide the cork, through 
which ^hc thennomelcr is thrust, with a rather laige hole, the 
thermometer being prevented from slipping through by a ring 
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cut from a piece of indiarubber tubing fitting tightly on it. The 
whole of the stem as far up as tHe extremity of the mercury 
column should be surrounded by steam. When the extremity of 
the mercury column has attained a position which does not 
alter during five or ten minutes, it can be marked by a scratch, 
and the barometer immediately read. 

The thermometer tube may now be graduated. A coat of 
paraffin wax having been laid evenly over the stem, the distance 
between the fixed points is divided into loo equal parts {200 
parts if half degree graduations are employed). The positions 
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of the graduations are marked by scialches in the wax. They 
may be etched into the glass by hydrofluoric acid, the vapour 
being used in preference to the liquid. 

Exrr. 5. — You are provided with a uiercury ihermometer, and an 
apparatus similar to that shown in Fig. 6. You are required to test 
the accuracy of the boiling point graduation (100'" C.). 

Care must be taken, in the first place, that steam has been given ofl 
copiously during some minutes before a reading is taberi ; and secondly, 
that no obstruction i| opposed to the escape of the steam. 
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The tipper part of the vessel in which the thermometer is 
placed is seen in Fig. 6 to feonsisrt: of two concentric tubes, so 
arranged that the steam ascends the inner one, and escapes 
after having descended through the space between the two. 
By this means it is ensured that the metal tube nearest to the 
thermometer shall be at the temperature of the steam. Thus 
the temperature of the thermometer will not be lowered by 
radiation. {S(*e Ch. XXI.). 

It is best to arrange that the thermometer bulb is much 
higher above the water surface than is shown in Fig, 6. It is 
possible for the water to be at a temperature much above 
loo® C,, and if any of this should be splashed on to the bulb 
errors might ensue. 

Read the Barometer the moment after you make your final 
observation, at the same lime noting the temperature of the air 
near the Barometer. The necessary corrections to be applied 
will be explained in Chapter II. 

ExrT. 6. — After having determined the reading of the thermo- 
meter, when the bulb and the whole of the mercury column are sur- 
rounded by steam, withdraw the thermometer by about lo degree 
divisions at a time, and note the temperature indicated in each rase. 
The part of the mercury column not surrounded by steam is called the 
exposed column. Enter your results in a table similar to the following : — 


I.eugtb of Exposed CoJumn. 

Reading. 

Error due to E^xpow*d Column. 





Different Thermometric Scales — It should be noted 
that there is no fundamental principle of physics involved in 
the fixing of an ordinarj^ thermometric scale. The choice of a 
scale is purely arbitrary, but, to be satisfactory, a scale must 
be convenient and generally understood. The latter of these 
conditions is fulfilled by tlie Fahrenheit scale, and both con- 
ditions by, ill particular, tlie Centigrade scale to which 
reference has been made and in which tlie freezing point of 
water is defined as and the boiling point as Ioo'^ the inter- 
mediate temperatures consequently comprising loo degree 
divisions. This system is now used in scientific work all over 
the world. 

The Fahrenheit scale of temperature is characterised by the 
boiling point of water being defined as 2i2°,*while the freezing 
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point of water is 32® ; hence there are 180 degrees between the 
ireexing and boiling points. The use of two fixed points to 
graduate a thermometer in degrees was suggested in 1701 by 
Newton, who proposed to call the freezing point of water o® 
and the temperature of the human body 12®, Falirenheit 
(1713) indicated by o® the lowest temperature which he could 
attain by mixing ice and salt, and divided each of the twelve 
degrees for the body temperature into eight subdivisions, 
making 96® for the range from ice- salt mixflire to the body 
temperature. In this range the freezing point of water was 
found to be at 32®, and on continuing the graduations upwards, 
tlie boiling point of water at 212®, 



C F R 

JFic. 7- — Cotnparison of Different Thermomctric Scales. 

The Fahrenheit scale of temperature is in general use in 
Englan d> both for domestic purposes and by en gi neers . 1 1 has 

nothing to recommend it but its wide-spread acceptance. 

In the Reaumur system the freezing point of water is defined 
as o®, the boiling point of water being defined as 80®. This 
scale is used for domestic purposes in some parts of the 
Continent, but has no special advantage. 

In converting a temperature from one system to another, the 
following system of reasoning must be employed ; — 

The interval of temperature between the boiling and freezing 
points of water is equal — 

On the Centigrade scale, to 100 — o = too®, 

,, „ Fahrenheit ,, „ 212 — 32 — 180®! 

„ „ Reaumur „ „ 80 — o =i=s 80®. 
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Thus I division C =?= =: - divisions F. 

loo 5 

c 

or I division F = - division C. 

0 

Henc0 if wc denote the respective temperatures Fahrenheit, 
Centigrade, and Reaumur by F, C, R, we can convert a given 
reading from one scale to another by means of tlic formula 

32 ^ C ^ R 
' 9“ 5 “ 4 

by simple substitution. 

Exam pie. B.P. of sulphur under normal atmospheric 
pressure is 444*5° C. What temperature will be indicated by 
a Fahrenheit thermometer when immersed in the vapour of 
sulphur boiling under normal pressure ? 

F - 3^ ^ 444-5 
9 5"' 

F = 832-i». 

Example . — Assuming the temperature of the blood ^of a 
healthy man to be 98° F., what temperature w'ould be indicated 
by a Cen tigradc lliermometer after the bulb has been placed for 
a short time in the nioutlx of such a person ? 

C _ 98 — 32 
5 9 ~ 

C ~ 367". 

It is of interest to note that, owing to the system of gradua- 
tion, — 40^ {which is incidentally the approximate freezing 
point of mercury) is the same on both Fahrenheit and Centi- 
grade scales. (Fig, 7.) 

Sensitive Mercury Thermometers, — In order that it 
may be possible to read a temperature with great accuracy, it is 
obvious that the extremity of the mercury column should move 
through a considerable distance along the stem for a small 
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alteration of temperature. Consequently, if 
such a thermometer is to be used for measur- 
ing temperatures from o'*C. to lod^ C,, either 
a very long stem must be provided, or some 
modification of the usual form must be em- 
ployed. 

The most usual procedure is to furnish 
the upper extremity of the thermometer tube 
(which is bent over as shown in Fig. 8), with 
an enlargement into which part of the mer- 
cury can be driven by heating. A sufficient 
amount of mercury must be left in the 
bulb and stem to give readings between the 
required temperatures. Fig. 8 represents a 
thermometer of this description. The follow- 
ing points in its construction may be noted. 

In order to avoid the errors due to the 
irregular motion of the mercury in a very 
fine tube, a tube of comparatively large bore 
is employed. It has already been pointed 
out that the sensitiveness of a thermometer 
depends on the ratio, Volume of bulb : 
Sectional area of bore of tube, and as the 
bore is made comparatively large, a very 
large bulb is required. The stem is pro- 
vided with an enlargement into which part 
of the mercury can be driven, for reasons 
explained above. The thermometer tube is 
made with comparatively thin walls, and 
to protect it from injury it is contained 
within a wider tube, which is fused at its 
lower extremity on to the bulb. The gradu- 
ations are marked on a separate enamelled 
scale placed behind the thermometer tube, 
and inclosed in the outer guard tube. In 
order tliat this thermometer should be 
capable of furnishing readings for very quick 
changes of temperature, the walls of the 
bulb must be made very thin. This of 
course will expose it to considerable errors due 
to variations of pressure. (See Chapter II.), 




Fig. 9. — ^Beckmann Thennotaeter, 
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The hxed points of such a thermometer obviously cannot be 
obtained in the manner previously described. Its scale must 
be calibrated by comparison with a standard thermometer. 
Such a thermometer as that considered is, however, more often 
used to measure smali changes of temperature than to determine 
actual temperatures. 

Aloohol Thermometers. — The expansion of a given 
volume of alcohol or ether, when heated through i'^ C., is, 
roughly speaking, about ten times as great as the expansion of 
an equal volume of mercury under similar conditions. Hence 
a given bulb and tube will form a much more sensitive ther- 
mometer when filled with alcohol than when filled with mercury. 
An alcohol thermometer consequently possesses the following 
advantages over a similar mercury thermometer. 

Advantages of an Alcohol Thermometer : — 

1. For a given size of bulb and tube, an alcohol thermometer 
will be more sensitive than a moicury thermometer; or, for a 
given sensitiveness, the bulb of an alcohol thermometer may be 
made ten times smaller than that of a mercury thermometer 
with a stem of the same bore. 

2 . Alcohol being much less dense than mercury, varia- 
tions in the internal ])rcssure are less to be feared. {See 
Chapter II.) 

3. When a thermometer is immersed in a liquid the tempera- 
ture of which is required, the thermometer is heated and the 
liquid is cooled. When an alcohol thermometer is used, the 
extent of the cooling is smaller than when an equally sensitive 
mercury thermometer is employed. This may be proved 
as follows : — 

We have seen that for a given sensitiveness and bore of the 
tube, the bulb of an alcohol thermometer need only enclose 
about ^\)th of the volume necessary fora mercury thermometer. 
Let — the volume of the bulb of the mercury thermometer ; 

the — - — the volume of the bulb of the alcohol thennometen 
10 

The density of mercury is about 13*6 ; whilst that of alcohol 

ir, about * 8 . Consequently, inass of alcohol used =5 x * 8 . 

10 

Mass of mercury used = ^'x 13-6. 

Th« specific beat of mercury may be taken roughly'as ‘03 ; 
whilst that of alcohol =« *6 {See Chapter Vi .). Hence the quantity 
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of heat required to raise the temperature of the alcohol through 
1 ® C. = — X ’8 X -6 ==! 7/ X '048. The quaatity of heat required to 

raise the temperature of the mercury through C. x 13*6 X *03 
-7/ X *408. Hence we see that a much smaller quantity of heat 
is required to raise the temperature of the alcohol in a 
thermometer through C. than would be necessary for the 
mercury in a thermometer of equal sensitiveness. Hence a warm 
liquid will be cooled to a smaller extent by the thtroduction of 
an alcohol thermometer than if a mercury thermometer of equal 
sensitiveness had been employed. 

4. Since the alcohol wets the sides of the tube, it has no 
tendency to stick as mercury has, so that the expansions are 
quite regular. Irregularities in the motion of the thread of a 
mercury thermometer are very objectionable when the raU of 
change of temperature is required. In such cases an alcohol 
thermometer might advantageously be used. 

5. Since the ratio of the expansion of alcohol to that of glass 
is much greater than the ratio of the expansion of mercury to 
that of glass, errors introduced by variations in the volume 
of the bulb will be of less importance in the case of an alcohol 
thermometer than in the case of a mercury thermometer. 

6. Mercury becomes solid at ‘-39'’C, ; whilst alcohol remains 
liquid to about —130^0. Hence an alcohol thermometer may 
be used for low temperature v/ork for which a mercury ther- 
mometer would be useless. 

Disadvantages of Alcohol Thermometers 

1 . Alcohol boils at about 78° C., so that an alcohol thermometer 
must never be heated to a temperature above 60'^C. Con- 
sequently we cannot obtain the upper fixed point by immersing 
the thermometer in steam. The scale must be calibrated by 
comparison with a standard thermometer. 

2. When the bulb of an alcohol thermometer is placed in 
warm water, the upper part of the thermometer stem being kept 
cool, alcohol distils into the free space and condenses on the 
walls there. This can be prevented by keeping the upper part 
of the stem as warm as, or warmer thi^in, the bulb. 

3. It is difficult entirely to free the alcohol from air before 
sealing off, with the consequence that after that operation has 
been performed, small air bubbles often make their appearance in 
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the alcohol contained in the stem or the bulb. These bubbles 
can generally be shaken up into the free part of the tube j but 
the operation is tedious. A solution of to or 15 per cent, of 
anhydrous calcium chloride in alcohol is said not to possess this 
disadvantage. 

4. Since, in an alcohol thermometer, the 
H sectional aiea of the bore of the tube must 

P ^ be larger in comparison with the volume of 

I "" the bulb than in a mercury thermometer of 

IL equal sensitiveness, a greater proportion of 

p; the whole of the thcrmometric substance 




will generally be in the tube in an alcohol 
than in a mercury thermometer. Conse- 
quently the error due to the exposed column 
being at a lower temperature than the bulb, 
will be greater in an alcohol than in a mer- 
cury thermometer. 

Maximum and Minimum Thermo- 
meters. — It is sometimes necessary to 
determine the highest or lowest tempera- 
ture which has been indicated by a thermo- 
meter during a certain time. Special forms 
of thermometers are used for this purpose. 

Fig. g represents Rutherford's maximum 
and minimum thermometer. An alcohol 
thermometer must be used for registering 
tlic minimum temperature (see below). A 
small piece of thin glass rod has knobs 
melted on it at each end, and this index, a, 
is immersed in the alcohol in the stem 
(which is maintained horizontal) ; the 
alcohol surface drags the index backward 
when the temperature falls, but leaves it 
stationary when a rise occurs. The index 
is re-adjustcd by tilting the thermometer. 
Alcohol must be used for a minimum 


thermometer, because an index could not be kept within a 
mercury tliread, and even if there it would not be visible. 


A mercury thermometer is used to register the maximum 
tempefature. A small piece of iron, is inserted in the stem 
above the mercury, and is pushed before the latter as the tern- 
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perature rises. It can be brought back to the mercury surface 
by the aid of a magnet. 

In Six's self^registenng thermometer (Fig. lo) the bulb 
A is filled with alcohol or a similar liquid, and this extends 
to B, one surface of a mercury thread BC. Above C there 
is more alcohol, which partly fills the 
bulb D, leaving, however, a space for 
expansion. Two steel indexes, pro- 
vided with springs just strong enough 
to prevent them from slipping, are 
respectively situated above the free 
ends of the mercury thread. When 
the temperature rises the minimum 
index is left unaffected but the maxi- ; 
mum index is pushed before the I 
mercury surface at C, and is left in 
position when a fall of temperature 
causes the mercury to withdraw. 

Thus the maximum temperature is 
registered. Similarly, tlie minimum 
index is moved when the alcohol in 
the bulb A contracts causing the mer- 
cury surface at B to come in contact 
with it, and is left in position when a 
rise of temperature takes place. 

In NegreUi and Zatnbra's maximum 
thermometer there is a constriction in 
the tube just above the bulb, so that as 
the temperature rises the mercury is 
extruded, whilst a subsequent fall 
of temperature causes the mercury 
column to break at the constriction, c c ir - ^ 

leaving the mercury in the tube in the * Thermometer 
position which it occupied when the temperature was a maxi- 
mum. The maximum temperature is thus read directly from 
the position of the upper end of the mercury column. The 
mercury can be shaken back into the bulb when a new 
reading is to be taken. 

Fig. II represents a Clinical thermometer constructed in 
this manner, the temperatures which it can indicate* being 
confined witliin the limits 95" F* and 113° F. 
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In Phillips' maxbnum Ihermometer 12) a short thread 
of mercury is separated from the rest of the mercm^ in 
ihe stem by a small air bubble. The detached thread 
acts like the index shown in Fig. 10.. The illustration 



Flc ir. —Clmu ‘tc, i? — Phillips' 

Thrrniom'^roi MriMmurn Ther- 

(1*.) ntom<*ier. (P ) 


shows such a thermometer 
mounted in a strong glass tube 
for deep sea soundings. The 
space between the thermo- 
meter and the guard tube is 
partly filled with alcohol, so as 
to ensure a good thermal com- 
munication between the ther- 
mometer bulb and the sur- 
rounding medium. 

High Temperature Ther- 
mometers. — Under normal 
pressure mercury boils at 357® 
C., so that an ordinary mercury 
thermometer cannot be used 
above that temperature. This 
inconvenience may to some ex- 
tent be overcome by filling the 
space above the mercury with 
compressed nitrogen, so that 
the mercury is prevented from 
boiling by the high pressure to 
wliich it is subjected {see 
Chapter VIII). The bulb must 
necessarily be made very 
strong, and even then, if a ther- 
mometer of this class is main- 
tained for some time at a 
high temjjcralure (400*^ C. or so), 
the zero will often be found to 
have changed considerably 


when cooling takes place. Meiallic Potassium and Sodium 
when mixed forma peculiar alloy, which presents very much the 
appearance of mercury, and is liquid at ordinary temperatures. 
This has been successfully employed in the construction of high 
tempeVature thermometers. These may be used at temperatures 
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considerably above those admissible for ordinary mercury ther- 
mometers. The bulb and stem are made of hard Jena glass. 

Gaa Thermometers. — The high expansion of gases 
renders them especially suitable for thermometric substances, as 
in their case expansions of the containing vessel produce 
comparatively small eflfects on the accuracy of the observed 
temperature. As, however, the theory of their action depends 
on certain laws which will be developed later, their considera- 
tion is deferred for the present. (See Chapter 

Summary 

The term “temperature ” is used to denote the hotness of a body. 
Our ideas of temperature are primarily derived from our sensations, but 
in order to determine temperatures accurately, some physical property 
which varies continuously with the temperature must be measured. 

A thermoscope indicates the attainment of a particular temperature. 

A thermometer Is an instrument designed to measure temperatures. 
Mercury expands when heated ; and this property is utilised in the 
construction of mercury thermometers. Various forms are given to 
these instruments, according to the purpose for which they are to be 
employed. 

In all cases two fixed points, corresponding to two arbitrary tem- 
peratures, are selected, and the dift'erence between these temperatures is 
divided into an arbitrary number of degrees. 

On the Centigrade scale the temperature of melting ice is taken 
as o®. The temperature of the steam above water boiling at standard 
atmospheric pressure is defined as lOO®. 

On the Fahrenheit scale, temperature of melting ice = 32®, tem- 
perature of boiling water 2 1 2®. 

On the Reaumur scale, temperature of melting ice = o®, temperature 
of lx)iling water = 80®. 

A sensitive mercury thermometer must either be furnished with 
a very long stem, or a receptacle mast be provided, info which part of 
the mercury can be driven when occasion requires. The latter procedure 
is most frequently followed. 

A maximum thermometer is used to record the highest temperature 
attained during a given time. 

A minimum thermometer, which must contain alcohol and not 
mercury, is used to record the lowest tenipcrature attained during a 
given time. 

In high temperature mercury thermometers, ebullition is pre* 
vented by subjecting the mercury to a high pressure. In other cases an 
alloy of sodium and potassium is substituted for mercury. 

B 
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Questions on Chapter L 

(1) Describe some of the principal forms of maximum and minimum 
thermometers. 

(2) Find the Centigrade temperatures corresponding to 68® F. , 1 76® F. , 
*-20® F,, and the Fahrenheit temperatures corresponding . to 4® C., 
52® C, and -273® C. 

(3) What peculiarities of construction may be noticed in a sensitive 
mercury thermometer ? 

(4) Explain how you would proceed to determine the error due to the 
exposed column of a thermometer. 

(5) Describe the process of determining the fixed points (melting ice 
and boiling water) of a mercury thermometer, and point out any pre- 
caution that ought to be observed. 

A thermometer with an arbitrary scale of equal parts reads 14*6 in 
melting ice and 237 ‘9 in water boiling under standard pressure. Find 
the Centigrade temperatures indicated by the readings 97 *1 and 214*0 on 
this thermometer. * 

(6) State what means you would employ to measure (1) a very high 
temperature, (2) a very small difference of temperature. (See also 
Ch, XIX.) 



CHAPTER II 

ERRORS OF A MERCURIAL THERMOMETER, WITH THEIR 
CORRECTIONS 

(The reading of this chapter may, if necessary, be post- 
poned till after Chapters III* and IV. have been read.) 

Correction to be applied in order to determine 
the true Boiling-point.— The boiling-point of a liquid 
varies with the pressure to which it is subjected. The 
standard pressure adopted is equal to the force exerted by 
gravity on a vertical column of mercury 76 cm. long, and 
possessing a sectional area of i sq. cm., the mercury being at the 
temperature C., and being placed at the sea level in 
latitude 45®. 

Fig. 13 represents Fortin's Barometer^ the instrument most 
commonly used for determining the pressure of the atmosphere. 
A long glass tube is entirely filled with mercury, and then in- 
verted, and placed with its lower extremity in a mercury 
reservoir R. The height of the surface of the mercury in the 
tube, above the level of the mercury in the reservoir, gives the 
barometric height. In order to maintain the surface of the 
mercury in the reservoir at a constant level, the lower part of 
the reservoir is made of leather (Fig. 14), and this can be 
raised or lowered by the aid of a screw, A (Fig. 13), till the 
mercury surface coincides with the point of an ivory pin P. 
The graduations on the scale S represent heights above the point 
of the pin P. 

The barometer having been read, the following cothections 
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Fig, J3,->Fortm's 
Baxometer. 


will be necessary before the true atmospheric 
pressure can be determined. 

1. Correction for the temperatur*5 of the 
mercury. 

2. Correction for the expansion of the scale 
attached to the barometer. 

3. Correction for the latitude of the place 
where the barometer is placed. 

4. Correction for the height above the sea 
level. 

These corrections will now be considered. 

1. Temperature Correction for the Mercury, 
— The density of mercury varies with the 
temperature. Since the weight of the baro- 
metric column, supposed to have a sectional 
area of 1 sq. cm., just balances the weight 
of a column of the atmosphere possessing a 
like sectional area, it follows that a decrease 
in the density of mercury will correspond to a 
longer barometric column, and vice versa. 

Let us suppose that the scale and the tube 
containing the mercury are maintained at C., 
whilst the temperature of the mercury is raised 
from to f C. The same mass of mercury 
will in both cases balance the atmospheric 
pressure, but owing to the expansion of the 
mercury, the latter will occupy a greater volume 
at the higher temperature. 

Let ~ the height of the mercury column, 
when the temperature of the mercury =?= 0° C. 

Let Ilf ~ the height of the mercury column, 
when the temperature of the mercury =^5 f C. 

Then since the sectional area of the column 
is in each case equal to i sq. cm., we 
have, if and kt are measured in cms., 

Volume of mercury at 0° C. == X i » c.cs. 

f Z, — hf Y, \ ^ h, c.cs. 

Let a » the coefficient of cubical expansion 
of mercury ; i,e,, the increase in volume of 
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of mercury, when its temperature is raised through 
59, it follo\vs 


1 C.C, 

Then, as proved on p. 
that 

/t0 c.cs. at o'* correspond to Aq{i -f af) c.cs, 
at /"C. 

/. ^ + at). 




ht 


, « kj^l --at + a*/* 


I 4- at 

expanding by the binomial theorem. 

When / is small, the product a-/®, and 
higher powers of (a/), may be neglected. 

.^.K^hll-at) (I) 

We thus see that our first correction is 
obtained by multiplying the observed 
barometric height, by (i - at). Ac- 
cording to Regnault 

a == '0001802 (p. 81). 

2. Correction for Expansion of the 
Scale.) which is supposed to be correct at 
o' C. — The true distance between two 
marks on a scale will increase as the 
temperature of the scale is raised. I'he 
amount of the increase in any parti culai 
case will depend 

{a) On the initial distance between the 
marks, 

if) On the substance on which the scale 
is engraved. In the Fortin barometer 
(Fig. 13) the scale is engraved on brass. 

In this case \ cm. length engraved on 
brass at 0“ C., will increase to (i -f /9) cm. 
at 1“^, and to ( i 4- /3/) cm. at C. ; ^ being 
approximately equal to *000020. 

a distance //q cms. measured on the brass scale at f C. is 
equal to a true distance of 

^«(J+Wcms (2) 


Fig. 14.— Mercury Reser- 
voir of Fortirrs Baro- 
meter. 
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Combining the corrections (i) and (2), we obtain-— 

Height of barometer, corrected for temperature, 

- H « ^0(1 ■+■ ^ + »t) = >5,(1 - (a - 

Neglecting the term ajS/®, which will be very small, since both 
a and ^ are small, we finally have 

H » - (« - jS)/) = ///i - (-000182 - '000020)/) 

= ^/i - *000162/) .... 

Another correction which should be applied is that due to the 
surface tension of the mercury. Owing to the curvature of the 
surface of the mercury, the latter will stand at a lower level in 
narrow barometer tubes than in wide ones. This correction is 
best made by comparison with a barometer possessing a very 
wide tube. 

3. Corf'eciion for ike Latitude. — ^The attraction of gravity at 
the surface of the earth decreases with the distance of the 
surface from the centre of the earth. * Owing to the spheroidal 
shape of the earth, the mean equatorial diameter is greater than 
the polar diameter, and consequently the attraction of gravity is 
less at the equator than at the poles. • The attraction of gravity 
at points on the parallels of latitude 45^ N. or S. of the equator 
is chosen as a standard, and the attraction at a point in 
latitude X will be equal to 

Attraction at a point on the 45th parallel -r- (i + B cos2X), 
where B = 0*002 56. 

Let h he the correct height of a column of mercury at 0®C., which 
produces, at a place in latitude A, a pressure equal to that of the 
standard column, 760mm, long, at the sea level in lat. 45®. 

Then 

k 

700mm, 

I + Bcos 2 A 

. ^ 7O0 (l + B cos 2A) 

= 760 -f I *9546 cos 2\. 

4. Correction for Height above the Sea For similar 

reasons to those explained in considering correction (3), the 
length of a column of mercury which produces the standard 



U ERRORS OF A MERCURIAL THERMOMETER 27 


pressure, increases with the height above the sea level. The 
total coiTection for (3) and (4) may be expressed as follows : — 

Standard length of barometric column, the mercury being at 
o® C., at a point in latitude X, and at a height A (in feet) above 
the sea level 

« Ho ~ 760 + 1*9456 cos 2X + o*oooo 4547>4 
measured in millimetres. 

Having in the manner explained determined the true baro- 
metric pressure, we can proceed to obtain the temperature of 
the vapour over the boiling water. This can be done by refer- 
ence to the following table : — 

Boiling Point of Water at Different Pressures. 


(The pressures are given in mm. of mercury at a temperature of o®C., 
situated at the sea level in lat. 45®. ) 


mm. 

733 

98 '^39 

mm. 

745 

99-4449 

mm. 

757 

99 1897 

mm. 

769 

100*3286 

734 

99*0318 

746 

*4822 

758 

•9265 

770 

•3649 

735 

•069s 

747 

•5194 

759 

• 9(>33 

771 

•4012 

73 <> 

•1073 

748 

•5567 

760 

100 '0000 

772 

•4374 

737 

•1449 

749 

•5938 

761 

•0367 

773 

•4736 

73 » 

*1826 

750 

•6310 

762 

'0733 

774 

•5098 

739 

'2202 

751 

•6681 

763 ' 

•1099 

775 

•5459 

740 

•^577 

752 

•7051 

764 

•1465 

776 

•5820 

741 

’2953 

753 

*7421 

765 

*1830 

777 

•6180 

742 

*3327 

7.54 

•7791 

766 

■2194 

778 

•6540 

743 

•3702 

755 

•8160 

767 

’2559 

779 

*6900 

744 

'4075 

756 

•8529 

768 

*2923 

780 

7259 


If the thermometer reading was loo'^ C. when the bulb and 
stem were surrounded by steam, then the difference between 
100“ C. and the temperature obtained from the above table, corre- 
sponding to the true pressure to which the water was subjected, 
will give the error in the boiling-point of the thermometer. 
An example will best explain the course to be followed. 

Example, — A thermometer, graduated in half degrees, after being 
surrounded for half an hour by steam in an apparatus such as shown in 
Fig. 6 , indicated a temperature of 98*55 X. Barometer reading 
758*2 min« Temperature indicated by thermometer attached to 
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barometer - 14*5*’^. Latitude of observing station = 53* N. Height of 
observing station above sea level = 120 feet. 

I. Correction for temperature of barometer 
At {X ~ *000162/) 

K = 7 $^'2 ( I - *000162 X 14*5) 

= 758-2 (1 - *00235) = 758*2 X *99765 = 756*4 mm. 

(It Is assumed that the barometer could only be read to *1 millimetre). 

Standard barometric height at station — 

= 760 4 1*9456 cos (2 X 53“) + 0*0000455 X 120. 

= 760 - 1*9456 sin 16“ -t 0*0000455 X 120, 

~ 760 - '5360 + *00546 
= 759*5 (approximately). 

It will be observed that the correction for height is too small to be 
taken into account. Indeed, with a barometer reading to a hundredth cf 
a millimetre, no correction need be a]>plied lor points at an elevation of 
less than 220 feet above the .sea level. On the other hand, it will be 
observed that the correction for latitude should generally be applied in 
England. 

Hence, a l>arometric reading of 759 5 mm. at the station in question 
corresponds to standard pressure, t.e., to 760 mm. in latitude 45**. 

.*. A barometric reading of 756*4 mm. corresponds to 

7^.9 — 756*8 mm. in the table on p. 27. 

759*5 » 

From this table, we find that 

At a pressure of 756 mm. water boils at 09*85° C. 

» 757 „ » 99-89" C. 

. at a piessure of 756*8 mm. water boils at 99 88° C. 

Consequently, when the thermometer in question reads 98*55°C., the 
true temperature is 99*88° C. 

.*. Correction to be applied to reading for boiling point = + I'3°C. 

This example, wdien carefully followed, exhibits not only the 
method of applying* the correction, but also the error which 
would have been introduced in our final results had the correc- 
tions of the barometer reading not been applied. Thus, using 
simply the observed barometric height, w^e obtain from the 
above table, 

At 758*2 nim. water boils at 99*94'’ C. about. 

correction to be applied = 99*94 - 98*55 = 1*39^ 
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Since, by eye observation, we can only estimate the tempera- 
ture to *1 of ^ a degree, i.e.^ to *05°, it at once becomes evident 
that the difference between the true correction and that obtained 
without reducing the pressure to standard conditions, is almost 
within the limits of experimental error. In this case it w^as 
hardly necessary to go through the above calculations. On 
the other hand, when using thermometers graduated in g^oths of 
degrees, the above procedure should be followed. 

o 

Expt. 7. — From the temperature indicated by your thermometer, 
when placed in steam from water boiling under an observed pressure, 
as determined in the experiment on p. ii, Chap, i., obtain the true 
boiling point error of your thermometer. 


Correction for Inequalities in the Bore of the Ther- 
mometer Tube.— If the bore of the thermometer tube is 
uniform, then a given mass of mercury would form a thread of the 
same length, in whatever part of the tube it was situated. It 
has already been remarked that this test is used in the selec- 
tion of suitable thermometer tubes. It is almost impossible, 
however, to obtain tubes of which the section i.s uniform through- 
out, especially when those with an elliptical or flattened bore 
are used. Consequently the thermometer having been con- 
structed as previously described, and its fixed points determined 
and the stem graduated, the next point of importance is to 
obtain the correction to be applied to any particular reading due 
to the small irregularities of the bore. 

This can be effected by detaching a small thread from the 
main length of the mercury column and determining its 
length, in terms of scale divisions, for a series of positions in 
tlie tube. This process, known as calibration, is a long and 
tedious task which, in the above form, is necessary only in the 
case of high-precision standard thermometers. The short 
thread can be jerked off from the constriction immediately 
above the bulb and can be made to slide slowly to the desired 
positions in the bore by gently tilting the tube. A large 
numl)er of readings of the length of the detached thread along 
the length of the bore are maide by means of a travelling 
microscope, and the variation of these lengths is a measure of 
the inequalities of the bore of the tube* from point to ‘point; 
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the necessary corrections to temperature indications can then 
be obtained from a table or graph based on the calibration 
readings. 

For ordinary purposes, the accuracy of a thermometer, for 
a series of readings over its range, is determined by comparison 
with a standard instrument, and a short description will be 
given of the methods ad<^pted commercially and by testing 
institutions such as the National Physical Laboratory. The 
principle adopted is to immerse the the^rmometer and a stand- 
ard in water in a comparison bath through which the liquid 
can be circulated and maintained at any required temperature 
uniform throughout the bath. The latter consists of two 
vertical compartments connected at the upper and lower ends ; 
one compartment contains a propellor, driven by an electric 
motor, for circulating the liquid through the whole bath. 
Below the propeller, and built into the bottom of its com- 
partment, are electrical heating units fitting closely into 
pockets of thin copper sheet so that, as the operator varies the 
heating current, heat can be transferred rapidly, and without 
time lag, to tlie water. In actual practice a number of 
thermometers are usually calibrated at the same time, and 
1 hey are supported in a vertical cage containing first a standard 
thermometer, then the set of thermometers under test, 
followed by another standard, or, if necessary, one or more 
standards interposed among the thermometers. Instead of 
the bath being kept at a steady temperature it is found more 
convenient to allow the temperature to rise very slowly and 
steadily whilst readings are made at a uniform rate, starting 
from the standard, along the row of thermometers, including 
any intermediate standards, to the last standaixi and back 
again in the reverse direction. In this way the averages of 
two sets of readings give comparable values of the corrections, 
relative to the standards, from which the corrections required 
for each thermometer under test can be obtained. The rate 
of rise of temperature is of the order of a few hundredths of a 
degree over the time required to make the readings ; these are 
made with the help of a horizontally mounted telescope of low 
magnifying power. 

The apparatus is shown in section in Fig. 15. A and B are 
the two vertical metal compartments joined at C and D. The 
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Stirring propellor passes through the support F on bearings at 
G and H, and is rotated by a cord over the pully J, B varies 
from 5 to 12 inches in diameter, and the whole bath from 
18 inches to 4 feet in length. Cold water enters through the 
funnel L, the overflow N maintains the water at a constant 
level, and the bath can be emptied when necessary through 
the waste-pipe M. The thermometers may be read either 
fully immersed in the liquid, or with the mercury column just 
visible over the top of the bath. In the first casffe, used for the 
less valuable types of thermometer, readings are made through 
a window built into the side of compartment B, and shown in 
Fig. 1 6, which gives an external view of the whole bath and its 



Fig, 15.— Section of bath for calibrating thermometers. 

fittings. The thermometers are carried in a cage shown 
suspended over the bath into which the whole can be lowered, 
where it is rotated by gearing so as to bring each thermometer 
ill turn opposite the window for readings to be taken. In 
testing precision thermometers readings are made of the 
mercury column over the top of the bath, and as the mercury 
rises this point is kept in view by sliding the thermometers 
through rubber rings supported by the horizontal plates of the 
cage ; in this case the bath is kept quite full so that thd water 
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touches the under surface of the plate carrying the thermo- 
meters, and the whole length of the mercury column is at the 
same temperature as the bulb. The propeller circulates the 
water in a clockwise direction through the two compartments 
and connecting arms of the bath. In this way the tempera- 
ture variation between any two points in the bath does not 
exceed o'oi®, and any variation in the neighbourhood of 
adjacent thermometers during readings does not exceed 
0*002'^. 



Fig. i 6.— Kxterjor of buth for calibrating tbermometers. 


The above details apply to the usual range to loo*^ ; for 
temperatures higher than this various oils of high boiling point 
are employed, and certain modifications of the bath and 
general arrangements are necessary. For low temperatures 
the baths contain various freezing mixtures, or use is made of 
organic liquids of low freezing point cooled by carbon dioxide 
snow.’ 
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In the laboratory a thermometer can be calibrated by com- 
parison with an accurate standardinstrument by taking a series 
of readings at intervals of 5® or 10°, the smaller the intervals 
the greater the accuracy of the correction. The thermo- 
meters are supported in a tall narrow beaker containing water 
which is gently warmed, and stirred continuously with a wire 
stirrer. The beaker must not he filled with hot water and 
readings be taken during cooling (see footnote to p. 37). 

Marking the scale divisions of the thermometer horizontally 
on squared paper, and plotting the values of the corrections 
vertically above or below 0°, 10®, 20®, the points so found 



Fig. 17.— -Correction Curve for I'hcrmoiuetcr. 


may be connected by means of a closed curve, and the correc- 
tion for intermediate points determined therefrom (Fig. 17). 

If, now, the freezing-point correction is plotted veitically 
below the 0° abscissa (if additive), or vertically a]:>ove the o® 
abscissa (if it must be subtracted from ihe observed reading), 
the boiling-point correction being plotted in a similar manner, 
and the two points finally joined by means of a straight line, 
then the correction to be applied to any observed reading 
may be read off as the vertical distance, along the appropriate 
ordinate, from the straight line to the curve. In Fig. 17, tfie B.P. 
correction is taken as 4- 1 * 4 ® C., the freezing-point correction being 
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-7® C. The correction to be applied to a reading of 5° is 
equal to -*o•6^ that is, the true temperature corresponding to a 
reading of 5"^ is equail to 4-4'' C. Similarly, correction for reading 
of 12^ is equal to -07' ; for correction = +o’4°, &€., &c. 

Exf*t, 8. — Draw a curve of corrections for your mercury iher-, 
mometcr, obtaining the necessary data as previously described. The 
boiling point and zero corrections already obtained may be used. 

Other Sources of Error in Mercury Thermometers. 

— Errors due to capillarity . — When a thermometer possesses 
a tube of very fine bore, the mercury does not move freely, 
but may remain stationary for some time in the stem, while the 
temperature is raised or lowered, and then suddenly alter its 
position. For this reason the sensitiveness of a thermometer 
cannot be profitably increased past a certain point by diminish- 
ing the bore of the stem. 

Errors due to the exposed column . — In order to take an 
accurate reading with a thermometer, the whcile of the enclosed 
mercury should be at the same icmperature. When a part of 
the mercury in the stem is at a lower temperature than that in 
the bulb, the approximate temperature of the exposed stem 
should be determined by the aid of a second thermometer, and 
a correction applied. This correction is given by 

T = Xj -j- — /) 

where T = the true temperature 

Ti = the indicated temperature 
c = the coefficient of real expansion of mercury. 

Errors due to alterations in the pressure to which the bulb is 
subjected . — In order that the mercury in the bulb of a thermo- 
meter should quickly take up the temperature of a medium in 
which it is immersed, the walls of the bulb must be made thin. 
This introduces a new source of error, since any change in 
pressure will alter the volume of the bulb, and thus produce a 
motion of the mercury thread independently of any change in 
the temperature of the mercury. Alterations in pressure may 
be produced 

(1) By variations in the barometric pressure. 

(2) By variations of hydrostatic pressure, due to the bulb 
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being placed at various depths below the surface of the same or 
different liquids. 

(3) By variations in the internal pressure due to the extremity 
of the mercury column being at various heights above the centre 
of the bulb. With thermometers possessing very thin-walled 
bulbs this is likely to produce considerable errors, since the 
head of mercury generally increases at a greater rate than the 
density of the mercury decreases. 

Variations in the internal pressure are produced when the 
thermometer is sometimes used in a vertical, and sometimes 
in a horizontal position. 

Corrections for these sources of error must be determined 
experimentally, and applied as the particular case requires. 

Errors due to Softness of the Glass : Change of 
Zero. — When a thermometer is heated, not only the mercury 
but the glass also expands. 

Expt, 9. — l‘lunge a tolerably sensitive thermometer into warm 
water ; the mercury will be seen to sink for a short time, due to the 
expansion of the bulb, and then commence to rise as the enclosed 
mercury becomes heated and expand.^. 

If a thermometer is heated considerably, the glass does not 
on cooling at once return to its initial state, but at first 
contracts quickly, until a volume slightly larger than the initial 
volume is reached, and then contracts very slowly, reaching its 
initial volume only after many months. This source of error 
may easily be demonstrated. 

Expt. 10.— Determine the freezing point before, and immediately 
after, the boiling point has been determined. The freezing point obtained 
after the thermometer has been immersed in steam i$ always slightly 
lower than that obtained when the thermometer has l)een kept at a low 
temperature for some time. The difference may amount to i* C. 

It has been found, that if a thermometer, before being sealed 
and graduated, is heated for a week or ten days to the tempera- 
ture of boiling mercury, the zero point is much less altered by 
subsequent heatings. Hard glass thermometers also give less 
trouble in this respect than those made from soft glass. 

There appears to be some amount of disagreement as to 
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whether the freezing point should be determined before the 
boiling point is found, or ry/tre versa. The freezing point which 
is most directly comparable with the boiling point is certainly 
that obtained directly after the latter has been found ; only, it 
should be remembered that in making subsequent measure- 
ments, the thermometer should always be heated to the boiling 
point shortly before a reading is required to be taken. 

Erf^ors due io ihe heat capacity of the thermoineicr . — When a 
thermometer is placed in a warm liquid, the liquid will be cooled 
as the thermometer is heated. Hence, unless a very large 
quantity of liquid is used, the temperature indicated will be 
lower than that of the liquid before the tliermometer was intro- 
duced. 

Further, if a thermometer is placed in a bath of liquid of which 
the temperature is rising, the mercury in the thermometer will 
always be colder than the liquid. When the temperature of the 
bath is falling, the thermometer will always be wanner than the 
surrounding liquid. 

From the abo\e it will be seen that with a mercury thermo- 
meter, even if made by the best maker, the determinations of a 
temperature with accuracy is no easy task. A temperature 
cannot be accurately determined within corrections 

for most of the above sources of error are applied, Griffiths 
states that on comparing thermomelers made by one of the best 
makers, the readings differed by as much as *4'' C. After apply- 
ing corrections, obtained from tables which had been furnished 
for the different instruments by the bureau of Weights and 
Measures at Paris, the final results never differed by more than 
o'oio'" C., and only in one instance by more than o'oo6'^ C. 

Although the measurement of a temperature is a matter of so 
much difficulty, differences of tempeiature may be much more 
easily measured. 1 hus a thermometer, of which the boiling- and 
frcezing*point.s are considerably wrong may often be used to 
obtain differences of temperature not greater than a few degrees 
without any great fear of committing grave errors. 
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SUMMAJIV 

The true reading of the barometer corrected for expansion of the scale 
and of the mercury is given by 

H = Ml - (a - $)tl 

where o is the coefficient of expansion of mercury, and the coefficient 
of expansion of the material of the scale. For accuracy the barometer 
must also be corrected for latitude and height above sea level. 

In the Centigrade system, the temperature of water boiling at a 
standard pressure is taken as 100®. The standard press^ure is equivalent 
to the weight of a column of mercury 760 mm. in length, and sectional 
area r sq. cm., at the sea level in latitude 45®. The temperature of melt- 
ing ice is taken as 0° C. The part of the thermometer stem between the 
points respectively occupied by the end of the mercury thread, when the 
whole of the contained mercury is at the above temperatures, is divided 
into 100 equal parts. Each part corresponds to a degree Centigrade. In 
order to obtain the temperature of a liquid with accuracy (let us say to 
within the following operations must be performed : — 

(1) Determination of the boiling-point error. The boding point of 
water varies 0'0367® above or below 100® C. for each mm. difference of 
pressure above or below 760 mm. at sea level in latitude 45®, or approxi- 
mately i®C. for 27 mra. difference of pressure; it also decreases by 
approximately i® for every 1080 ft. above sea level. 

(2) Determination of the freezing-point error. 

(3) Calibration of the bore of the tube. 

(4) Determination of the temporary changes of zero, making repeated 
observations of its piTinanent rise. 

(5) Estimation of differences caused by movements from the hori- 
zontal to the vertical position. 

(6) Observations of the effect of changes of external pressure. 

(7) Determination of the differences resulting from the rate of rise of 
temperature.^ 

(8) The application of an approximate correction for the unimmersed 
part of the stem. T T, -f cn(Ti — t). {See p. 34.) 

It should be noticed that the resulting degrees obtained by a mercury 
thermometer correspond to equal merements of volume of mercury when 
heated. In other words, if one cubic cm. of mercury at the tempera- 
ture of melting ice become equal to (i -f a) c.cs. when the temperature is 
raised to that of water boiling under standard conditions, then the 
temperature corresponding to a volume of the same mercury equal to 

1 + X will be equal to C., on the mercury thermometer scale. 

‘ A falliag temperature cannot be accurately determined by the aid of a mercury 
thermometer (Griffiths). 
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Questions 

(1) Mercurial thermometers are now issued with corrections stated 
to 0*001® C. State exactly what precautions are taken in the manu- 
facture and use of the thermometers to make it possible to aim at this 
degree of accuracy, 

(2) Describe the principal errors of the mercurial thermometer and the 
means used to reduce them. 

(3) Explain the meaning of the term “Standard atmosphere.” What 
observations would you make to determine the atmospheric pressure at 
a given place ? 

(4) Describe how an accurate barometer is constructed, and explain 
how to correct its readings so as to determine the pressure of the air. 

(5) Describe the difficulties in the way of accurate thermometry by 
means of mercury thermometers, and the precautions that must be taken 
in order to obtain accurate results, say to o*oi® C. in making measure- 
ments of change of temperature in calorimetry. 

(6) On a certain day the pressure, as read from a Fortin’s barometer, 
was 75*29 cms. and the temperature was 18® C. At what temperature 
Would water boil on that day ? 
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The dimensions of all bodies are altered more or less by an 
increase or decrease in temperature. Solid bodies have the 
property of retaining their shape without the support of a con- 
taining vessel. Hence in the case of a solid bar we may 
measure the increase in length, breadtii, or thickness due to a 
given rise of temperature, and thus determine the increase 
in length which a bar of unit length would experience 
if heated through TO. The coefficient of linear 
expansion of the substance of which the bar is com- 
posed is defined as that fraction of its length at 0° C. 
by which it expands when heated 1® C. The advantage 
of this method of defining the coefficient of expansion is tliat 
it is independent of the unit of length used ; for consider a bar 

I foot long heated i® C. and suppose it increases by^th of a 

foot, then a bar of the same material i yard long similarly 

heated would increase ^th of a yard, and similarly for other 

units ; thus the coefficient ^ (usually a small decimal fraction) 

is independent of the unit of length. 

In the case of temperature, however, i® F, = (|)® C. Con- 
sequently if we define the coefficient of linear expansion in 
tmns of the degree Fahrenheit, since the latter is smaller than 
the degree Centigrade, the inaease in length of a bar of unit 
length when heated through i® F. will be ^ of the increase in 
length for i® C, The most general definition of the 
coefficient of linear expansion of a substance is the 
increase in length of a bar of unit length, when 
heated through unit difference of temperatdre. 
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On the other hand, fluids take their shape from the vessel in 
which they happen to be contained. It would therefore 
obviously be useless to make measurements of the linear 
dimensions of a fluid, unless to obtain its volume. A certain 
mass of water, for instance, may be poured into vessels of 
various shapes and sizes,, its linear dimensions being thus 
capable of modification in an infinite number of ways. But 
through all these modifications the volume of the water will 
remain the same* providing its temperature is not altered; 
whilst every alteration in temperature of the water will 
produce a corresponding alteration in its volume. Hence it 
is rational to confine our attention, in the case of a fluid, to 
the alteration in volume which accompanies an increase in 
temperature. 

PluidB are divided into liquids and gases. The 
volume of a gas is altered, not only by an increase 
or decrease of temperature, but also, and to an equal 
extent, by changes of pressure. 

The contraction which occurs when a metallic bod 3^ is cooled 
is f requ ently u liliscd by engineers. A good examp le is afforded 
in the manufacture of large cannon. The general sliape of 
one of these is shown in the sectional drawing (Fig. 18). 

An inner tube of steel is first turned accurately 
cydindrical on the outside, and bored internally. 
This tube, though sufficiently strong to guide the 
projectile in a straight course, is not strong 
enough to withstand the great force suddenly 
called into play by the explosion of the powder. 
To furnish sufticient strength a. numl)er of steel 
coatings are successively shnmk on to the tube. 
Each of these coatings is bored internally to such 
a diameter that, when at the same temperature 
as the rest of the cannon, it is too small to fit in 
place. On l^eing heated, however (the rest of 
the cannon remaining cold), it just slips into 
position, and when cooled is held tightly there. 

F,g. ,8 Section enormous force called into play 

of Cannon, when the expansion of a metal rod is resisted by 
mechanical means is illustrated in the following 
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experiment. A rod of steel or wrought iron is provided, at one 
end, with a nut which can be screwed on to it, and at the other with 



Fic. 19. 


two holes through each of which can be inserted a small cast-iron bar 
or nail. A strong metal stand is furnished with two upright pillars, 
provided at their upper extremities with slots, 
outside one of which the nut bears, and on 
each side of the other passes the iron pin or nail. 

The nut is screwed up tightly so as to put some ‘e 
compression al strain on the bar. If the latter ' 

be now heated, the force called into play will be 
sufficient to break the cast-iron bar. The nut is 
then again tightened up, putting tension on the bar 
against the outer of the two pins; on allowing the 
bar to cool, or dropping water on it the second pin 
is broken, showing that an equally great force is 
called into play when the contraction, due to 
cooling a heated rod, is resisted by mechanical 
means. The forces considered arc equal to a weight 
of several tons, 

Expt. 12. — A compound bar consisting of two 
flat strips, one of brass and the other of steel, Fig. ioa.— Compound 
rivelted firmly together, is held vertically in a differential 
Bunsen flame, when it will he seen tliat the bar pansion. 
bends into a curve as shown by the dotted lines. From this we deduce 
that different solids when heated expand to different extents. It is 
observed that the more expansible metal (brass in this case) is on the 
convex side of the curve. 

An analogy may be traced from this experiment to explain 
the fact that thick glass vessels, when rapidly heated or 
suddenly filled with hot liquid, are liable to crack, The outer 
layer of glass tends to expand, when external heat is applied, 
before the heat has time to be conducted through the^ glass to 
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the inner layer, and since glass is incapable of appreciable 
bending a ftacture results. 

E:fPT. ij.-^Take about a foot of indiarubber pressure tubing (the 
kind containing an internal layer of canvas in unsuitable), and fix a 
small piece of open glass tube into one end, a small wooden rod being 
placed in the other end. Bind both in position by means of copper 
wire. A loop of copper wire is attached to the glass tube, and 
another to the w-ooden rod. A fine sewing needle is driven through 
the wooden rod at right angles to its length, and a mass of about a 
pound having been hung from the loop at 
this end of the tube, the other end is 
attached to a horizontal arm of a retort 
stand. Fig. 20. A straw has two holes 
burnt through it at right angles to its 
length by means of a hot needle, the 
distance between the holes being about 
a quarter of an inch. The needle A, pro- 
jecting through the wooden rod at the 
lower extremity of the indiarubber tube, 
is placed through that hole in the straw 
which is nearest to the centre of the 
latter. Another needle B, driven into a 
block of wood C, is placed in the other 
hole in the straw, and the whole is adjusted 
so that the straw is horizontal. 

If the indiarubber tube is now heated 
Fie. 20. — Arrangement for show- by the flame of a Bunsen burner, the straw 

stretched indiarubber. will indicate that a contraction takes place 
in the indiarubber. 

It must not, however, be concluded from this experiment that 
indiarubber contracts when heated. As a matter of fact, if a 
mass is employed only just sufficient to keep the tube straight 
without stretching it, it will be found that the indiarubber 
expands when heated. 

The legitimate conclusion to be drawn from this experiment 
is that though indiarubber expands when heated, a given 
stretching force will produce a smaller extension when the tern* 
perature is high than when it is low, 

Ooeflaoient of Linear Expansion of a Metal.— In 

order todetermine the coefficient of linear expansion of a metal. 
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the usual method is to observe the elongation produced by a 
given rise of temperature in a bar of known length. The chief 
difficulty lies in measuring the small elongation. 

Expt. 14.— 1x 1 the laboratory, satisfactory results can be obtained 
with the apparatus of Fig. 21. The material is in the form of a rod, the 
length of which is first measured accurately ; the rod is held vertically 
by a small cork in a metal jacket so that its end is almost level with the 
end of the jacket. The latter is 
fitted with an inlet and outlet tube 
for a current of steam, and also 
rubber corks near its upper and 
lower ends carrying thermometers. 

At room temperature a sphere- 
meter, supported on a horizontal 
platform having a central aper- 
ture, is adjusted so that its screw 
point touches the end of the rod. 

Steam is passed through the jacket 
until a constant temperature, as 
shown by the two thcnnomelers, 
has been maintained for five 
minutes. The spherometer is then 
adjusted to again make contact 
with the top of the rod. The 
expansion is given accurately by 
the necessary vertical movement 
of the imerometer screw head 
The temperature range is that 
from room temperature to the 
average of the final constant reading of the two thermometers. From 
the data thus obtained the coefficient of linear expansion of the material 
of the rod for the given range is easily calculated. 

At the present time accurate standard methods of expansion 
measurement are ; the Comparator Method, and Henning’s 
Tube Method. 

In the former, which is a direct method, tlie distance 
between two marks on the experimental bar is determined 
by comparison with a standard metre by means of vertical 
microscopes which can be adjusted horizontally by means of 
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micrometer screws. The expansion undergone when the bar 
is raised to a constant known temperature is found by further 
adjustment of the microscopes. 

In Henning’s tube method the relative expansion of the 
experimental rod is found against a tube of fused silica or Jena 
glass having a small and accurately kno^vn expansion. The 
bar is supi>ortcd on a ground point forming part of the bottom 
of the interior of the tube (Fig 21 a ). On the top of the bar 
rests a similar point of a glass rod carrying at its upper end a 
scale ; a scale is also marked on the upper part of the 
outer tube. The tube is immersed above the level of 
the upper point in a hot bath, and the relative shift 
of the scales is measured by means of a microscope 
caiTying a micrometer adjustment. The expansion 
of tlie tube being known, that of the rod can be 
calculated. 

Both of these methods can easily adapted 
to measuring contraction when the bar or tube is 
immersed in a bath of some liquified gas. 

Weedon's Expansion Apparatus.— -Weedon 
invented a laboratory apparatus which can be 
used successively with a number of different 
metal bars. It consists of a long zinc trough, 
in which is placed the rod, one metre long, the 
expansion of which is to be measured. A 
burner is supported underneath the trough^ run* 
ing the whole length of it, and provided with a 
double set of holes and two inlet gas pipes, so 
that the water contained in the trough may be 
heated to boiling point. The ends of the trough 
have stuffing boxes, through which pass short 
glass rods, abutting on the one side against tlie 
ends of the metal rod, and on the other against 
two delicate micrometer gauges wliich are sup- 
ported in two firm cast- brass clamps fixed to 
solid teak blocks. A metal screen at each end, 
Fio. 21A. inside with asbestas, prevents heat from 

radiating to t he micrometer gauges, thus eliminating errors due 
to the expansion of the screws. The supports for the trough, 
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burner, &c,, are placed in a cold-water trough, provided with 
inlet and exit pipes, and running the whole length of the base. 
The cold-water bath thus prevents any expansion of the base 
and supports due to heat radiated from the burner and the hot- 
water trough above. 

The method of working the apparatus is as follows : the micro- 
meters having been screwed back sufficiently far to permit of the 
maximum expansion of the bar, the burner is lighted and the water 
in the upper trough raised to as near boiling point as possible. 
When this maximum temperature is attained, one micrometer 



Fig. aa.—Wcedon'** Expansion App>laratus. 


is screwed in until the screw comes in touch with the short glass 
end -pieces. The other micrometer is now screwed up very 
carefully until it is felt to just grip the metal bar. The readings 
of both micrometers must be taken. The gas burners are now 
lowered, so that the temperature of the water in the trough may 
become lower, when another observation may be made. 
Readings may be taken for differences of C. from loo'^ 
to 20"'. 

Let L be the length of the metal rod, and t be its elongation, due to 
a rise of temperature of Z'*. Then 

Coefficient of linear expansion of rod elongation per degree Centi- 
grade of I cm, length of rod = 

This apparatus would be just as efficacious, and certainly 
less costly, if provided with only one micrometer gauge, a fixed 
stop being substituted for the other. 

Roy and Ramsden’s Method. — In order to accurately determine the 
expansion of the bars used by General Roy in 17S5 to measure a base 
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line on Hounslow Heath, for the first Ordinance Survey of Great 
Britain, Ramsden employed the arrangement shown in Fig. 23. Three 
troughs, each about 5 ft. long, were placed approximately parallel to 
each other, and in the relative positions shown in the figure. The 
middle trough contained the bar the expansion of which was to be 
determined, whilst the two outside troughs contained standard bars 
maintained throughout the experiment at a constant temperature, by 
being surrounded by melting ice. These standard bars carried uprights ; 



Fig. 23 —Isometric Projection of Koy and Ramsden’s Apparatus. 


those attached to the bar in CD were provided wi th cross wires, whilst 
positive eyepieces wertj carried by those attached to the bar in GH. 
The eyepiece A was provided with fixed cross wires, whilst the eyepiece 
A' was provided with cross wires which could be moved by a delicate 
micrometer screw. The central bar, the expansion of which was to be 
measured, had uprights attached to it, carrying object glasses. Each 
object glass, together with the corresponding eyepiece, formed a micro- 
Scope, by meams of which the cross wires carried by the corresponding 
upright in CD could be viewed. 
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In performing an experiment, all three troughs were first filled with 
melting ice, and the eyepieces A, A' were adjusted so that the cross 
wires which they carried were brought into coincidence with the images 
of the cross wires carried by B and B' respectively. The middle trough 
EF was then filled with water, which was kept boiling briskly by the 
aid of spirit lamps. The contained bar was thus caused to expand, and 
the object glasses attached to its ends were consequently displaced. 
The trough EF was moved bodily till the image of the cross wires 
carried by B was again brought into coincidence with the cross 
wires carried by the eyepiece A. The image of the crbss wire carried 
by B' was then found to be displaced relatively to the cross wires 
carried by the eyepiece A'. This displacement was measured by moving 
the cross wires carried by A^ by means of the micrometer screw, until 
coincidence was once more established. The distance through which 
the object glass at F was displaced was ecjual to the expansion of the 
bar. This displacement was less than the distance measured by the 
micrometer, in the ratio, 

Distance from cross wire to object glass : Distance from cross wire 
B' to eyepiece A.', 

It has since been pointed out that if A' had been provided with 
fixed cross wires, and the object glass at F had been moved by a 
micrometer screw till the image of the cross wires carried by B' 
was brought into coincidence with the cross wires carried by the eye- 
piece A', the distance registered by the micrometer would have been 
equal to the expansion of the bar. 

The above experiment is doubly interesting, since the method 
employed has scarcely been improved on up to the present 
time, and the experiment itself was undertaken in connection 
with the first systematic survey of the British isles. 

Determination of the Belative Expansions of 
Metals.— A bar of platinum A'B' (Fig. 24) is attached at A' to 


A 

A 
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B 
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Fig. 24.— ‘Apparatus for Determining Relative Expansion. 


the end A of a bar AB of another metal, the spaces near the 
other extremities B, B' of these bars being graduated so as to 
constitute a scale and vernier. The readings of the vernier 
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when both bars are placed in a bath, which is heated succes- 
sively to two observed temperatures, will give the difference of 
the expansions of the bars. By this means Dulong and Petit 
determined the relative expansion of several metals with regard 
to platinum, and the absolute expansion of the latter metal 
having been determined, the coefficients of expansion of the 
other metals were calculated. 

Measurements of the relative expansion ot two bars of dif- 
ferent metals, made with an apparatus similar to the above, 
might obviously be utilised for the determination of high tem- 
peratures, just as the relative expansion of mercury and glass 
is used in an ordinary thermometer. 

Non-Expansible Alloy.— Guillaume ^ has found that 
invar, an alloy of steel containing 36 per cent, of nickel, has an 
exceedingly small coefficient of linear expansion, amounting to 
no more than one- tenth of that of platinum. Its actual value is 
about 8*7 X 10“’’. Thus a rod of nickel steel of the above com- 
position, a metre long, when heated through 100° C., would be 
increased in length only by loox loox S-yx io“’=:87X lO”® 
Cm., that is, by a little less than a tenth of a millimetre. On 
the other hand, since the coefficient of linear expansion of brass 
is equal to about i-gx a brass bar a metre long, when 
heated through loo"^ C'., would increase in length by 100 x 100 X 
I -9 X 10”® — I *0 X 10"' cm., that is, by a little less than two milli- 
metres. N ickel steel is not readily rusted by moist air or water. 
F uriher, the full expansion for nickel steel is obtained only after 
several days heating ; indeed, when the increase of temperature 
is small, the increase in length does not attain its maximum 
value (/>., that calculated from the coefficient of expansion given 
above) for the space of two months. Hence, when a bar o! 
Guillaume’s nickel steel is subjected only to fluctuations ol 
temperature which are neither very far removed from the mean 
temperature of the bar, nor very long in duration, the length of 
the bar may be considered to remain con.slant. This property 
should render Guillaume s nickel steel particularly suitable for 
the construction of pendulums, &c. 

Example 1. — A seconds pendulum is composed of a small 
sphere of platinum attached to the end of a very thin rod of 
brass. It beats seconds accurately at o"C.; if the pendulum is 

1 CempUs KenduSf 134 , p. 176-9 and 753-5, 1897. 
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kept at a temperature of io° C,, how many seconds will be lost in 
a week ? 

(Coefficient of linear expansion of brass — 1*9 x 10 -^) 

One complete oscillation (to and fro) of a seconds pendulum occupies 
2 seconds. If / is the time occupied a complete oscillation of a 
simple pendulum of length /, then 

where ^ = the acceleration due to gravity. (= 981 cm./sec'.) 

Let us suppose that the length of the pendulum, at o® C., is equal to 
/cm. Now a length of i cm- of brass, when heated through i"C., 
would be increased to (i 4- *000019) cm. ; if heated through /“ C., it 
would possess a length of (i -f- *000019 x /) cm. Further, if a length 
of / cms. were in question, since each centimetre would expand by 
the above amount, the length of the whole bar at C. would l^e 
equal to 

/(i + •000019/''). 

Numlxir of complete oscillations made by pendulum in a week, the 
temperature being 0° C., 

J X 60 X 60 X 24 X 7 = 302,400. 

At 10® C. the number ofcomplete vibrations in a week will be equal to 

Number of seconds 

in a Wv?ek 60x60x24x7 / ^ 

time occupied by a ^ \/ 7[r~ooooi9 

complete vibration 

^ 3 Q^>4oo f~~Zj - 

^ 7(i -I- '00019) ^ ^ H- '00019 

Also since / 3= 2 for a seconds pendulum, 


A / 

V / V i-i- oooiO 


■is/i 


.*. Number oi vibrations performed a week, when the temp, is io'‘C» 


302,400 


Further, 


/ — ! — . as - — = I -- + Ja® “ + 

V (l Ffl) (I + a)^ 
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(This result, with which the student should make himself thoroughly 
acquainted, may be deduced from the binomial theorem, or obtained 
by ordinary' algebraical operations.) 

*’■ = I - i -00019+ i(-O0019)»- A{-000I9)*+ ... 

I — -000095 4 * *0000000135 — 

It will at once be seen that the third and all succeeding terms are 
very small in comparison with the second, and may therefore be 
neglected. Consequently, number of vibrations completed in a 
week, at a temp, of 10° C,, 

~ 302,400 (i — "000095). 

Number of vibrations completed in a week, at o® C. =;! 302,400. 

/. Number of vibrations lost in a week, when the temperature of 
the pendulum is kept at 10® C., 

= 302,400 X '000095 == 28*7, 

Number of seconds lost ~ 57-4. 


Example. Steam pipes, which are sometimes allowed to 
cool, must be provided with unions allowing expansion and 
contraction to take place. How much play must be allowed at 
each union, supposing each separate pipe to be 6 ft. long ? 

Coefficient of linear expansion of iron == *000012 per degree 
Centigrade. Lowest temperature of pipes =: 0° C. 

A pipe 6 ft. long at 0° C. will become 


( 1 -f ‘000012 X 100) X 6 ft. s= 1*0012 X 6 ft, long at 100® C. 


Hence maximum expansion == *0072 ft. = *0864 inch. 



Fig. *5.— Iron ^rder heated on 
one side. 


Hence about a tenth of an inch 
play must be allowed at each 
joint. 

Example . — When a house, in 
the construction of which iron 
girders have been used, is burnt 
down, the girders are generally 
found to liave been greatly bent. 
Assuming that this is due to the 
fact that one side of the girder 
has been heated to a higher tem- 
perature than the other, what 
curvature might we expect in an 
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H girder^ the distance between two parallel sides of wliich is 
6 inches, assuming that the highest difference of temperature 
likely to exist between the latter is 500° C. ? 

For a first approximaticm we may assume that the girder 
is bent into an arc of a circle. Let 0 be the angle subtended 
at the centre by this arc, and R be the radius of the circle in 
inches. (Fig. 25,) 

The length of the cold (concave) side of girder = RO. 

„ „ hot (convex) „ = (R + 6) 0. 

But. since the coefficient of linear expansion of iron is about 
•000012, we have the relation 

Length of hot side of girder i 4- *000012 x 500 

Length of cold side of girder i 

= I -006, 


. (R-f 6)0 
R0 


R 


== I *006. 


R X *006 = 6. R 1,000 ins. == 83J ft. 

With narrower girders, of course, a greater bending would 
result. 


Formula for Linear Expansion.— The coefficient of 
expansion of a substance is evidently given by the ratio 

increase of length for 1° C. ri se in temperature 
length at 0° C. 

Let L^ and L^ be the lengths of a bar at f and o* respec- 
tively, and let a be the coefficient of expansion, then 

Lq units of length heated expand Lj — L^ 



" iU 

or by simple transformation we have 
L^ as L0(i + of). 
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By substitution in tliis formula most simple problems can be 
easily solved, and may also be regarded as the higher 
and lower of two temperatures (not necessarily o°) and in this 
case t is replaced by the range of temperature considered. 
The fonnula is thus of general application. 

The ooeflaoient of Superficial Expansion of a 
substance represents the alteration in area of a 
sheet of the substance initially possessing unit 
area, ■when it is heated through unit difference of 
B'temperature. Let ABCD represent 
I sq. unit of area of a substance, then 
if this is heated i° it will expand in 
two dimensions, along AB to B' and 
along AO to D', in each case (by 
definition) by a units. 

Thus the new area = (i + a)® 

= I 4 “ 2a 4 ‘ 

The term will be relatively so minute that it may be neg- 
lected; hence the new area is i -j- 2a. Then 2 a is the 
expansion of one .sq. unit heated i®, and is thus the coefficient 
of area expansion. Hence its numerical value, from the above, 
is equal to twice the coeffiemtt of linear expansion of the substance 
in question, 

A formula analogous to tliat for linear expansion can be 
similarly deduced, 

= Ao(i + 2af). 

Example . — sheet of copper is 50 cm. long and 20 cm. wide 
at 30^' C. If it is healed to 530° C., what will be its increase 
of area? (a for copper = -0000168). 

Original area = 50 x 20 = 1000 sq. cm. 

A, = 1000 (i -f 2 X *0000168 X 500) 

= 1016-8 sq. cm. 



. increase of area ^ i6-8 sq. cm- 




EXPANSION OF SOLIDS 53 

Table of Linear Expansion of some Substances, 

Fused quartz 0*0000007 

Steel alloyed with 36% nickel .... 0*00000087 

Glass (tube) 0-00000833 

Platinum 0*00000899 

Iron (soft) 0*0000121 

Gold 0*0000144 

Copper 00000168 

Brass 0*000019 

^:inc 0*09^0292 


Expansions of Glass and Platinum.— It may be 
noticed that the coefficients of linear expansion of glass and 
platinum are nearly equal. This makes it possible to seal a 
platinum wire directly into a glass tube or bulb, and thus renders 
the manufacture of electric glow lamps possible. When hot, the 
melted glass adheres to the hot platinum wire, and as both con- 
tract at nearly the same rate on cooling, no strain is produced 
in the glass. It Ls possible, though not always very easy, to seal 
a thin iron wire into glass, provided that it is arranged that 
Cooling takes place gradually. 

Compensated Pendulums. — ^The tijne t occupied by a 
complete (to and fro) oscillation of a pendulum is given by the 
equation _ 

\/"> 

where. / — length of pendulum, 

acceleration due to gravity. 

Hence, any cause which increases the length of a pendulum 
will also increase the time occupied by one of its oscillations. 

If a pendulum is formed from a heavy mass attached to the 
end of a mettil rod, since the length of the rod will be gj'eater at 
high than at low iernperaturcs, one oscillation will occupy a 
greater time on a hot than on a cold day. If the pendulum is 
used to control the working of a clock, the latter will gain in 
cold, and lose in hot weather. In order to prevent this, several 
different methods have been proposed. 

Fig. 26, A, shows one of the simplest forms of a compensated 
pendulum, which is nevertheless very satisfactory in its behaviour. 
The rod of the pendulum is made of well-seasoned wood. A 
cylindrical zinc bob is bored to slip loosely on the rod, and is 
c 
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supported from its lower surface by means of a nut fitted to a 
brass screw attached to the extremity of the wooden rod. Now 
if the zinc alone were heated, it would expand in all directions, 
and consequently become longer. As the lower end of the 
cylinder is maintained always at the extremity of the wooden 
rod, any lengthening of the cylinder 




will cause the centre of gravity of 
the latter to reach a higher position 
along the wooden rod. If now the 
zinc cylinder is made of such a 
length that the ascent of its centre 
of gravity due to a given rise of 
temperature is just equal to the 
lengthening of the wooden rod 
from the same cause, the distance 
of the centre of gravity of the bob 
from the point of suspension will 
remain constant, and the pendulum 
will oscillate approximately at the 
same rate whatever the temperature 
of the surrounding air may be. 

Fig. 26, B, shows a similar but 
more effective form of compensated 
pendulum, due to Graham. A cast- 
iron cylinder is screwed on to the » 
end of an iron rod ; this cylinder 
contains such a quantity of mercury 
that its expansion for any rise of 
temperature will give rise to an 
ascent of its centre of gravity, which 
will just counterbalance the exten- 
sion of the iron rod due to the same 


Pic. 26 —Compensated rise of temperature. 

Pendulums, 


An approximate calculation may be 
made as to the height to which mer- 
cury must be poured into the cistern in order that a compensation 
may be effected. Assuming (what is, however, not strictly correct) that 
the coefficient of linear expansion of the iron composing both rod and 
cistern is ecjual to ’000012, whilst the coefficient of absolute cubical ex- 
pansion of mercury is *000180, we may proceed as follows. Let / =s the 
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distance from the free end of the rod to the bottom of the cistern, and 
let / 4 <,=the height of the mercury in the cistern, at o" C. If the rod and 
cistern possess small masses compared with tliat of the mercury used, the 
centre of gravity of the whole pendulum may t)e taken as coinciding 
with that of the mercury. Hence the approximate length of the equiva* 

lent simple pendulum at o® C. ~ 

2 

Now let a rise in temperature of /“ C. take place. If V = the total 
volume of mercury, and S is the sectional area of the cistern, at o'* C.,' 
then 

V 

— = ^0 fhe initial temperature. 

After the rise of temperature, we shall have 

^ V (i + ‘ouoiSo X t) 

* ~ S(I + 2 X *000012 X /} 

since S represents a superficial area, and hence the coefficient of super* 
ficial expansion (equal to twice the coefficient of linear expansion) of 
the iron must be used. Example 5). Hence, expanding by the 

binomial theorem, we have 

V 

//f = g (I 4 *000180/) (i - *000024/ 

V 

= g [l + (*000180 - *000024) / 4- . . . . } 

= g- (i -f *000156/). . 


Also the length / will be increased, due to the same rise of tempera* 
ture, to / (I -t- *000012 /). 

Finally, in order that the length of the equivalent simple pendulum 
should remain unaffected by temperature, we have 


^ V 

/ /(I i *000012/) - J (l 4 ’000156/). 

2 O 

V 

Remembering that ;t — ^of 

O 

*00015 V ^ 

*000012 X // =: rr /. 

2 S 


V 

s 


~ 2 X 


*00015 


and /^o ~ 


*000024 

*00015 


that is, the height of the mercury in the cistern must be alx>ut *16 of the 
total length of the pendulum. 
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Perhaps tjie most common form of compensated pendulum is 
that shown in 27, and known as Harrison’s Gridiron 

Pendulum. Referring to the table on p. $3, it will be seen 
that the coefficient of linear expansion of brass is about times 
that of iron. Hence, since the elongation of a rod when heated 
through a certain number of degrees is proportional both to 



Fig. 27,— ll.nrrison’*! Compensated 
rencluliim. 



its coeflicicnt of linear expansion and its length, it follows that 
if an iron rod is heated, it will be elongated by the same amount 
as a brass rod of ^rds its length, the rise in temperature being 
the same in both ca.ses. Hence if, in Fig. 28, AB and CD 
represent two rods of iron and brass respectively, CD being 
|rds of AB, then the point D will remain stationary to whatever 
temperature the two bars may be heated. Hence, if a massive 
sphere S be fastened to the end of D, its centre will always 
remain at the same distance from E, the point of suspension j 
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and if we may assume the centre of gravity of the whole 
pendulum to coincide approximately with the centre of the 
Sphere, the length of the equivalent simple pendulum will remain 
unaffected by temperature changes. 

This form of pendulum would, however, be very awkward to 
use, owning to its excessive length. The arrangement shown in 
Fig. 27 16 that generally employed. The 
black bars are of iron, the unshaded ones 
of brass. The two middle cross bars 
only act as guides, being drilled with holes 
through which the rods fit loosely. The 
expansion of each iron rod tends to lower 
the pendulum bob, whilst that of each 
brass rod tends to raise it. Since the total 
length of the three iron rods is about i J 
times that of the two brass rods found on 
one side of the pendulum, the position of 
the bob relatively to the point of suspen- 
sion, is independent of the temperature of 
the pendulum. 

A similar, but simpler construction has 
been used for the pendulum of the large 
clock above the Houses of Parliament, 

Westminster. Here an iron rod C is sur- 
rounded by and attached at one end to the 
extremity of a zinc tube B (Fig. 29). 

The upper extremity of this zinc tube is 
attached to the end of an iron tube A 
which surrounds it, the bob being attached 
in its turn to the lower end of this iron 
tube. Hence the expansion of the iron 
tends to lower the bob, whilst the expansion of the zinc tends 
to raise it. The coefficient of expansion of zinc is about 2jf 
times that of iron; hence the combined length of the iron rod and 
the outer iron tube being made 2J times that of the zinc tube, 
the centre of gravity of the bob remains always in the same 
position, whatever may be the temperature. 

Ventilation holes are provided in both tubes, so that the whole 
of the pendulum may be capable of quickly attaining the same 
temperature. 



Fjr,. 29.— Compensated , 
f'eiidulum. 
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CoxnpenBated Balance Wheels. — An uncompensated 
balance wheel of a watch will oscillate at different rates at 
different temperatures. This is due to the fact that the mean 
distance of the rnetal in the rim from the centre of rotation is 
increased when the wheel is heated, whilst the elasticity of 
the spring is also affected by a change of temperature. To 
obtain a balance wheel which will oscillate at the same rate 
whatever the temperature may be, the rim is made in three 
pieces ; each is fastened at one end to one of the spokes, and 
carries a weight near its other extremity, which is left free. 
Each section of the rim is composed of two strips of metal 
lying one Outside the other, the outer strip being composed of 
a more expansible metal than the inner strip. When the wheel 
is heated, the following alterations will occur : — 

(i) The spokes will be lengthened ; this 
alone would tend to remove the weights on 
I the rim farther from the centre of rotation. 

/M ^ (2) Owing to the fact ihat the rim is 

“ ) 1 composed of two strips fastened together, 

i the outer being the more expansible, heating 
the wheel will tend to increase the curvature 
of the sections of the rim, thus bringing 

Fic. 30.— Compensated the weights nearer lo the centre of curva- 

Balance Wheel. turC 

When a suitable adjustment has been 
made, the balance wheel will oscillate at the same rate what* 
ever the temperature may be. 

It is well to remember, however, that the mere fact that a 
watch is provided with a compensated balance wheel is of no 
advantage, unless a proper adjustment has been made. 

In laying rails for railways, in building iron bridges, and in 
all operations where large masses of metal may be subjected to 
variations of temperature, even those due to the difference 
between the hot and the cold season, allowance for expan- 
sion must be made. 

Cubical EiXpansion. — W’^hen a solid body is heated, each of 


its linear dimensions is altered, and consequently the total volume 
of the body is changed. In some substances, such as glass and 
metals generally, the various dimensions are altered in the same 
proportion; Thus, if, a metalliq rod of rectangular sectioii be 
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heated, its length, breadth, and thickness will be increased in 
the same proportion. 

We can now deduce a relation between the coefficients of 
linear and volume expansion in a manner similar to that used 
for superficial expansion. 

Consider a solid in the form of a cube whose edge is i cm*, 
theh its volume is i c.cm. On heating it will expand in three 
dimensions, hence its volume at will be 

(I + a)* = 1 + 3 a + 3a* + a*. * 

Neglecting terms of higher order than the first, the increase 
in volume of i c.c. of the substance when heated through 
f C. 3a/. 

Increase in volume of i c.c. of substance when heated 
through 1° C. = 3a = three times the coefficient of linear 
expansion. 

The increase in volume of unit volume of a sub- 
stance due to heating it through unit difference of 
temperature, is called the coefficient of cubical ex- 
pansion of the substance. — Its numerical value, for a sub-^ 
stance which expands equally in all directions, is equal to three 
times the coefficient of linear expansion of the substance. The 
numerical value is independent of the unit of length chosen, 
but will vary with the thermometric scale used {see p. 39), 
The general formula for volume expansion will be : — 

V, = \Vl -f 3a/). 

Abody which has similar properties in all directions 
about any point in it is said to be isotropic. 

Some substances, such, for instance, as crystals, &c., have 
different properties in diflerent directions. To take a familiar 
instance, the coefficient of linear expansion of wood has a dif- 
ferent value perpendicular to the grain from what it has parallel 
to the grain. Such substances are said to be aeolotropic. 

Certain crystals have different coefficients of expansion in 
three rectangular directions. Let us suppose that a unit cube is 
cut from such a crystal, the sides of the cube being respectively 
parallel to the three rectangular directions or axes which possess 
the most divergent coefficients of expansion. Let the value of 
these coefficients be taken as ag, ag. 
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The increase in volume of the unit cube when heated through 
i^C » (i + <Ji) (i -1- a^) (i + «3) ~ ^ 

(aj + £12 + ** 3 ) + 

The terms (o^a^ 4 - as^s + 0301) and 01^2^3, feqth of which in- 
volve the products of small quantilies^ may’ be neglected* 
Hence 

Coefficient of expansion of an aeolotropic substance 

«i 4 ^2 “3 ~ the sum of the principal coefficients of linear 

expansion. 

Expansion of Crystals. — In order to determine the co- 
efficients of linear expansion of a crystal, Fizeau used the 
following arrangement, 

A small metal table AB is supported by means of three 
levelling screws. On the upper projecting extremities of the 

levelling screw^s rests a small 
plate of optically worked glass 
CD. 

The crystal to be examined 
is ground so as to have two 
parallel surfaces perpendicular 
to the axis along which it is re- 
quired to measure the expansion. 
This crystal 3 ^ is placed on the 
metal table AB* and tlie position 
of the plate CD is adjusted so 
that it lies very nearly parallel 
to, and at a small distance from, 
the upf)er surface of the crystal P. When this adjustment 
has been correctly performed, if the air film contained between 
CD and P is illuminated by means of light from a sodium flame, 
alternate bright and dark bands will be seen on looking vertic- 
ally downwards at P. These bands are similar to those formed 
when two suitable lenses are pressed together, i.e,, to Newton's 
Rings. If the distance betw^een the upper surface of P and the 
lower surface of CD is varied, a movement will be produced in 
these bands. Consequently if the stand and the plate, t&c., 
which it supports are heated, an observation of the motion of 
the bands will suffice to determine the difference between the 
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Fig. 31. “--FiztrauS Optical Interference 
Method of Delcirtiining Expansion. 
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expansions of the crystal and of the parts of the levelling 
screws projecting above AB. 

, Tutton improved this apparatus by supporting the crystal 
on a small tlirec-legged table made of aluminium, which rests 
on the upper surface of AB, tlie levelling screws being made of 
platinum. The relative height of the aluminium table and 
tlie parts of the levelling screws projecting above AB are so 
arranged that the upward motion of the crystal due to the 
expansion of the aluminium is just equal to the increase in 
distance between AB and CD, due to the expansion of the 
platinum. Thus the expansion of the platinum screws is 
compensated for, and the absolute expansion of the crystal is 
directly determined. 

Change of Density with Temperature.~The mass of 
unit volume of a substance is termed the density of that 
substance. Since, in general, a body expands when heated 
and the mass lemains constant, the density must decrease, 
whilst when a body is cooled the reverse argument applies. 


Let 


Then 


Vo the volume of a substance at o° C. 

Vj = 

fc. 

dQ = the density „ 

o'* C. 

dt = ft r. 

C. 


since 


Volume X density = mass (constant.) 


i,e. 




but — Vo (i -f c/), where c is the coefficient of cubical 
expansion. 



Vo(i + ct) 
Vo 


= I 4- c/. 


i.c. 




dp 

I 4- cl' 


If i is small we can apply an approximation so that 

5=s ^0* 
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Summary*. 

The linear dimensions of solids arc altered by a change of tempera- 
tnre. 

The Coetficient of Linear Expansion of a solid is defined as the 
increase in length of unit length of the solid when the temperature is 
raised by one degree. 

One ol the earliest, and at the same time one of the best, methods of 
measuring the expansion of a rod of motal is that due to Ramsden. 
Eyepieces and object glasses were arranged so as to constitute two 
microscopes. The object glasses w’cre displaced by the expanding bar, 
and the elongation was calculated from an observatit»n of the relative 
displacement of the images of two sets of stationary cross-wires. 

When the true coeiheient of expansion of a single metal is knowm, 
the coeifirients for other metals may be dc terimncd by a method similar 
to that described on p. 47. 

Superficial Expansion.— The coefficient of superficial expansion 
of an isotropic solid is equal to tisice the coefficient of linear expaii* 
sion of the solid. 

Cubical Expansion. — The coefficient of cubical cxiiansion of an 
isotrojiic solid is e(iual to tlnec times its coefficient of linear expansion. 

Pendulums.— .Since the length of an imcompensaled pendulum will 
be greater in hot than in cold weather, a clock controlled by such a 
pendulum will lose in hot weather and gain in cold weather. To avoid 
this, compensated 1>fnduliitm are used. In these, the centre of gravity 
of the pcndiihiin bob is inainUnied at a unifoim distance fnmi the point 
t'f &usj>ension, by using two or inoic different metals in its construc- 
tion. Tlic expansion of one met.il, lending to lengthen the pendulum, 
is compensated by the expansion of the other metal, which tends to 
shorten Ihe pendulum. 

Balance wheels of watches aie compensated by arranging that 
masses of metal carried by the rims of the wheel arc maintained at a 
uniform distance from the centre of rotation, whatever ihc temperatiuc 
may be. In actual practice, the compensation is adjusted to correct for 
temperature alterations in the <*lasticity of the hair spnng, as well as 
expansions of the balance wheel. 

In all large metal stiucliues, such as bridges, &c., arrangements 
must lie made to allow expansions and contractions to occur. 

Expansion of Crystals.— A crystal expands by different amounts 
in different directions. 

The coefficient of cubical cxpan.sion of a crj^stal is equal to the sum 
of the three principal coefficients of linear expansion of the crystal, 

Fiumi employed a delicate optical method to determine the expan- 
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sion of a crystal. Interference fringes were produced between one face 
of the crystal and a glass plate. An observation of the displacement of 
the fringes gave the expansion of the crystal in terms of the wave 
length of the light used. 

Change of density with temperature 


Qitesiions on Chapter III. 

(1) Give an account of an accurate method of determining the co- 
efficient of linear expansion of a solid. 

(2) Explain how the length expansion of a rod with rise of tempera- 
tuie may be accurately measured. 

(3) A steel metre scale is correct at o® C. What rori action must be 
applied to a length equal to 79*512 rins., measured by means of the 
above scale at a tempeiature of 30'' C. ? 

(4) Describe and explain the Gridiron pendulum. 

(5) Define the coefficient of linear expansion of a solid, and describe 
an accurate method of detci mining it. 

Two copper bais, each 30 cms. long at o® C., are placed in one 
straight line, with their outer ends fixed. Find how far theii inner ends 
must be apart so that they may just touch at a temperalure of 50® C. 
(coefficient of linear expansion of copper o 000017). 

(6) Assuming that the highest summer lempcratuie is 45* C., and the 
lowest winter temperature - 15*0., what allowance must be made for 
expansion in one of the 1,700 ft. spans of the Forth Bridge ? (Bridge is 
made of stool the coefficient of linear expansion of which =- 0'0000I2.) 

(7) The length of the tubular railway budge across the Menai 
Straits is 461 metres. Kind the total expansion of this iron lube be- 
tween - 5® C. and +■ 35® C 

(8) A block of copper occupies a volume of a cubic foot at 100® C. 
What volume will it occupy at o® C. ? 

(9) Describe how you would measure the coefficient of exjiansion of 
such a suljstance as a liamond. 

(10) Explain why it is a sufficiently near ajiproximation in general to 
take the coefficient of volume expansum as thiee times I he ccjefficient 
of linear expansion. Calculate the erroi p.c. involved in this approxi- 
mation in the case of calculating the cubical expansion through 100® C. 
of a body whose coefficient of linear expansion is 0*00001234, 

(H) Describe and explain the method of measuring linear expansion 
of solids by means of interference bands* 

PRACTlCAt, 


(2) Measure coefficient of expansion of a metal bar. 
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Expansion of Hollow Vessels.— The connection 
between the increase in the volume enclosed by a vessel when 
it is subjected to a rise ol temperature, and the coefficient of 
linear expansion of the sub- 
stance of which the vessel is 
composed will first be in- 
vestigated. We will con- 
sider the cases of cylindrical 
and spherical vessels. 

I. Cylindrical vessel , — Let 
ABC represent the section 
of a tliin-walled cylindrical 
tube, of radius f, and length 1, 
at some stated temperature, 
for instance, at C. 

Then the length of the 
periphery of the tube at 
o® C. = 2izr\ length of the 
periphery of the tube at fC,^27vr (i + al) if a = the 
coefficient of linear expansion of the substance of which the 
tube is composed. 

Radius of tube at C. = r(i + al). 

Sectional area of tube at C. = Tr{f(i + a/)}®. 

The length of the tube at C. ==: /(i + a/). 

Volume enclosed by tube at f C. 

( = ^{^(i + «/)}»/(! + a/). 

■j = -f o/)». 

+ 3a/ . . 



Fig. 32.— Expaiision of a hollow vessel. 


5 = .sectional area x 
length, both at /" 
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But — vol, enclose by tube at o® C., and 3a =* the co- 
efficient of cubical expansion of the glass. 

Hence the increase in the volume of u hollow tube, resulting 
from a given rise of temperature^ is the same as would be pro,^ 
duced under similar conditions in a solid body occupying the , 
same initial i^olume as that enclosed by the tube^ and composed 
of the same substance as its walls. 

2. The alteration in the volume of a spherical shell may be 
treated similarly. I.et ABC now represent a section passing 
through the centre of the sphere. 

Length of circumference of circular section at 0'' C. — 21m 

J> J) =s 277^(1 H-a/), 


.* . Radius of circular section at f C. 


— radius of sphere at C. = r(i -f o/). 

Volume enclosed by sphere at C. = V = ^ tt^. 

,, ,, „ „ rc. = i^rr^l +0/)’. 

~ V(l + 3™^ + • • . )■ 

Increase in volume of sphere due to heating through C 
= V X 3a/ = V X coeff. of cub. exp. x /. 

The student may be left to apply similar reasoning to the case 
of a cube, when it will be seen that the conclusion derived above 
for the case of a cylindrical tube may be generalised for the 
case of the volume enclosed by a vessel of any form. 

Experiments made on the lines laid down in the last chapter,, 
in order to determine the coefficient of linear expansion of glass,, 
give no very trustworthy information which can be applied to 
vessels blown from glass tubing. During the melting and 
blowing the coefficient of expansion of glass is often somewhat 
altered, whilst different samples of glass vary very much one 
from another. Consequently, it becomes necessary to determine 
the coefficient of cubical expansion of a glass vessel after tlxat 
vessel has been made. 

Determination of the coefficient of Cubical Bxpan»/ 
Bion of the Class of which a Bulb is composed.— The 
coefficient of absolute expansion of mercury has been obtained 
by Regnault, using a method subsequently to be explained, in 
which no correction is necessary for the expansion of the con- 
taining vessel. By the aid of Regnault's results, the absolute/ 
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expansion of a vessel can be determined, and subsequently the 
absolute expansion of any liquid may be found. 

The method to be employed is as follows : — 

Expt, 1 5.^ a bottle, of the shape shown in J'ig. 33, is blown ftom a 
piece of glass tubing. The best size for the bottle will depend on the 
balance which is to be u^d in weighing it when full of merciiiy. It 
is best not to use a sensitive chemical balance for this purpose, as doing 
so will necessitate the lx)ttle being made very small. A spherical bulb, 
14 inches in diameter, will hold nearly 400 grams of mercury. A con- 
striction is made in the neck of the bottle, and a file mark made at this 
point will serve to indicate the position which the surface of the mercury 
or other liquid should occupy. The bottle may be provided with a flat 
liottom, as long as the glass is not made sodhin that the pressure of the 
mercury is likely to deform it. 

The bottle should be washed with nitric acid and then with 
distilled water, and carefully dried by gently heatkig it and 
sucking air out through a piece of glass tubing. It is then 
weighed, and pure mercury is poured into it bymeans of a small 
funnel made by drawing out a piece of glass tube. Small bub- 
bles of air on the glass can be removed by tilting the bottle 
when not quite full. The bottle is then 
placed in a beaker, and water is poured into 
the latter up to about the level of the con- 
striction ; mercury is added or abstracted, 
as the case may require, so lliat the level of 
the mercury surface just coincides with the 
scratch in the neck. The temperature of the 
water having been observed, the bottle and 
its contents are weighed. 

The bottle containing the mercury is then 
Ft<;. 33.--I>iiaiomet<'r. replaced in the be.aker. The whole may 
now be heated on a sand bath up to about 
90"' C. When this temperature, observed by means of a 
thermometer dipping in the w'ater, has been maintained con- 
stant for several minutes, mercury is carefully drawm out of the 
neck of the bottle by means of a small pipette, till the surface 
of the remainder just coincides with the scratch. The mercury 
which has been withdrawn is carefully run . into a weighed 
watch-glass, and its mass is determined, a chemical balance 
being used for this . purpose. 
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Let W =* mass of mercury filling bottle at initial temperature, 
w mass of mercury removed at final temperature, 
p « density of mercury at initial temperature. 

/ difference between initial and final temperatures, ; 

If the volume of the bottle had remained constant during 
the experiment, we might have reasoned as follows : — 

A mass (W — w) grs. of mercury which occupies a volume of 

c.cs, at the initial temperature, is increased in volume 

P 

by c.cs. when heated through C. 

P 

I c.c. of mercury, when heated through i° C., is increased in 

‘Uf p I _ 

p W — w / (W 
Since, however, the volume enclosed by the bottle is itself 

7t' 

repre- 


volume by 


^tered during the experiment, the quantity 


(VV - 

cents, not the absolute coefficient of expansion of mercury, but the 

coefficient of apparent expansion of mercury in glass. 

In order to take into account the expansion of the glass, we 
must proceed as follows ; — 

Let V = volume enclosed by bottle at initial temperature, 

= coefficient of cubical expansion of glass. 

Then volume enclosed by bottle at final temperature = V(i 4- 
Increase in volume of bottle — 

Thus (W — w) grs. of mercury, occupying a volume of 

c.cs. at initial temperature, are increased in volume by 
P 

{(?) c.cs., j' when heated through C. 

I c.c. of mercury" at the initial temperature will, when heated 
through i'" C., be increased in volume by 


W 


P 

V 


But V — and therefore W - w may be taken as equal 
^ 

to 1 . (It will not generally differ from unity by more than i or 
a per cent,) 
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Hence^ \€pi — coefficient of absolute expansion of mercury* 
coefficient of apparent expansion of mercury in 
glass. 

the coefl3,cient of absolute expansion of mercury 
is approximately equal to the ooefiBcient of apparent 
expansion of mercury in glass, increased by the oo- 
©flacient of cubical expansion of glass. 

Therefore,^ m - mj,. 

According to Regnault, the mean value of m for temperature 
between and loo’ is *00018153. . . 

Hence this value, together with the value determined for the 
coefficient of apparent expansion of mercury in glass, will suffice 
to determine the coefficient of cubical expansion of glass. 

To determine the coefficient of absolute expansion 
of water, fee. — 

Exrr. 16,— The same bottle as that used for the last experiment is 
emptied, cleaned with nitric acid, and finally filled with water. It is 
then immersed in a beaker of water, which is boiled for some time, 
until all the air di.^solved in the contained waler 1ms been expelled. 

The tcmperatuic of the water in the beaker is tlicn maintained 
constant at about 80' C. for the space of 8 or 10 minutes, when 


the water surface in the bottle is adjusted to 
be level with the scratch, and the bottle 
is removed from the beaker, dried, and 
weighed. The weighing may he performed 
on a sensitive chemical balance, but the 
bottle should first be allowed to cool, as the 
currents of air set in motion by the hot bottle 
will produce errors. 

Similar operations may be performed at 
70*^, 60"’, 30°, 20'’, 10% o'^ C., the water in the 
beaker being cooled with ice shavings for the 
Fig, 34 — Weighted experiments. Finally, the coefficients of 

glass imih, for de- expansion for these various values may be 
siotTSf?' liquid” Calculated, using the previously determined 

value of the coefficient of expansion of glass. 

5 For accurate work, we should use exact equation, » <a* - Wg) 
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Hydrostatic Method, — 

Expt. 17,— The expansion of water can also be determined in anotbef 
manner. A glass bulb about z in. in diameter is weighted with shot tilt 
it will just sink in cold water. The neck of the boltle is tnen 
drawn out and sealed, and the drawn out portion l>cnt into a hook 
34)* *rbe bulb is suspended by means of a horsehdr from the 



Fig. 35. — Arrangement for determining the expansion of a liquid b}? weigViing a body 
of known expansibility m it. 


beam of a balance, and weighed. A small three-legged table is then , 
placed above one of the balance pans, and a beaker of hot water is 
supported on this, so that the bulb is entirely immersed when the beam 
is swinging (Fig. 35). 

Obtain the apparent masses of the bulb when suKpended in water at 
two or three different temperatures, and deduce the mass of the water 
displaced in each instance. 

l^et W = true mass of bulb. 

Wj = apparent mass of bulb suspended in water at temp, /j" C. 

W2 = )j ,, ,, C. 

^ ^ coefficient of cubical expansion of glass. 
p the (unknown) density of water at /j® C. 

Then, mass of water displaced at C. - (W - W^) grams. 
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W - W, 

Volumeof bulbat A"C. ss — - ^ c.cs. 

P 

. _WrW,f 


W — W r 

Volume of bulb at i + - ^i) / c.cs. 


But mass of water displaced at C. — (W - Wj) grams. 

If this mass of water were cooled to /i® C., it would occupy a volume 

\Y \v 

f * c,cs. But at /a® C. it actually occupied a volume of 

p 

W - W 

p 

\Y - Wq 

. ' . Increase in \ olume of — - ® c.cs. of water, when heated through 




w— w, 


w, -w, \v-w, _ 

= -t ’ rUi - n)- 

P P 

Increase m volume of i c.c of watei when heated through 


rWa - w, ^ w - w. 






(W -W'sK /-*-/,') w“- 

Fulther, the quantity by which ^ is multiplied will be very neaily equal 
to t. Hence, finally, if is the mean coeHicient of absolute expansion, 
of watei between and A* 

Wo - W, 

^ ■" (W - - /,) ' 

Experiments to delernnne the behaviour of watt i uith legaid 
to expansion, between the temperature o — io\ will be described 


later on in this chapter. 

Coefficient of Absolute Expansion of Mercury. — 
Before giving an account of Regnauit’s cxpcurnental determina- 
tion of the absolute expansion of mercury, a simple modification 
of the apparatus previously used by Dulongr and Petit in 
i8i8 for tlie same purpose will be described. This apparatus 
can be made, with the exercise of a little care, by any one 
possessing a slight amount of skill m bending glass tubing, 
and will permit of tolerably accurate results being obtained. 

The immediate object of this experiment is to determine the 
ratio of the densities of mercury at two different temperatures. 
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Having obtained this, a simple calculation will suffice to 
determine the coefficient of expansion. 

Now the ratio of the densities of two liquids, such for 
instance as mercury and water, may be obtained by pouring 
mercury into a U-tube, and then introducing a column of waicr 
into one of the limbs above the mercury. If we imagine a 
horizontal plane to be drawn through the surface of separation 
of the water and mercury, this plane will cut off a short column 
of mercury in the other limb of the tube, the height of this 
column l>eing such that the pressure due to it is just equal to 
the pressure produced the water 
column. It must be remembered 
tliat fressitre denotes force per 
square cm. ; hence the pressure pro- 
duced by a column of water cm. 
high is obviously equal to the force 
exerted by gravity on a column of 
water of i sq. cm. sectional area, and 
llj ems, long. This force is equal to 
g X 1 X Hi ~ gHi dynes where g is 
the acceleration due to gravity. 

Similarly, if p is tlie density of mer- 
cury the pressure due to a column of 
mercury Hg cms. high wall be e(jual 
to 

The condition that these pressures 
should be equal, gives 

gpH, = gH, or pH, = H,. 

* 1 “ h; 


TT 





1 

^ j- 


:si>M 

L i 

1 




Fig. 36.— U-tube containing 
mercury and a less dense 
liquid. 


Thus the heights of the stiff aces above the level of the 
common surface are inversely proportional to the densities of 
the liquids. 

Hence the condition that two liquid columns should produce 
equal pressures, is obtained by equating the heights of the 
columns multiplied by their respective densities. 

It will be noticed that no error is introduced into this 
result by irregularities in the sectional areas of the limbs, or 
even if any variatiohs in the dimensions of the limbs occur 
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during the ibourse of the experiment because any such change 
will be accompanied by a readjustment of the levels in con- 
formity witii the hydrostatic principle. 

Tlie application of this principle to the determination of the 
absolute expansion of mercury or any other liquid follows, 
since one liquid at two different temperatures in the two arms 
will be at two different densities, and the heights will adjust 
themselves according to the above principle. The heights 
above the level of the junction of the hot and cold columns or 
axis of tlie connecting tube represent the volume of a given 
quantity of liquid at, e.g. o° C., and tlie same mass at lOO® C. 
(or f). Hence (from p, 6i) 


Ho d, Vo Vo^' 


Ho 


= I + cf 


/. H^ = Ho(i + ri), 


where c is the coefficient of absolute expansion of the liquid. 

Fig. 37 shows front and side views of the apparatus. It 
may be constructed as follows : — 


Expt, 1 8. — A wooden stand, consisting of a base O'" x 9", and an 
upright hoard 24" x 9^, is rriade from J-inch pmc. Four blocks, about 
I* X, 2'" X 1 ^, are provided, and are ultimately fixed in the positions 
Ai Ag A3 A4 (Fig. 37). These blocks are sligluly grooved on ibeir 
front surfaces, so as to admit of the pieces of 1" glass tubing T„ Tg 
being fastened to them at a distance of 7" from centre to centre. Each 
of the glass tubes T„ T„ is 18" long, and is provided at both ends 
with sound corks. Each cork is bored centrally to take a glass tube of 
about internal diameter, and excentrically to take anothci tube of 
rather .smaller size. 


The most important part of the apparatus is the continuous 
glass tube BCDEP'G. A piece of glass tubing 5 feet long is 
taken and cleaned by drawing through it a small plug of wef 
cotton wool attached to the end of a string. The tube is dried 
by gently heating and drawing air through it, and then twice 
bent at right angles at D and E, two points 7" apart and equi- 
distant from the middle of the piece of tubing. Care should be 
taken that it is in both cases bent accurately at right angles, and 
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that the bent pieces lie in one plane. The ends of these tubes 
are pushed through the central holes in the corks htted to the 
tubes Tj and T2, when the whole may be laid on a flat table with 
the projecting ends of the glass tube over the edge. 



Fig, 37.’— Appuraiu;* for Determining the Absolute Expansion of Mercury. 


The next operation is to make the rectangular bends at C and 
F. This may best be done by the aid of a small luminous gas 
flame. The bends should be made as near to the corks as 
possible. At this stage it will be impossible to bend both tubes 
so as to lie in the same plane as the rectangle CDEF, but they , 
may be bent so as to lie one on the other, and a final adjustment 
made subsequently. 

Both tubes must then be bent so that a few inches near their 
extremities He parallel and side by side (see Fig. 37). The 
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blocks Aj, Aj, As, A4, having been placed In position, the 
whole arrangement may be fixed by means of copper wires 
encircling Ti and T2, and wound round the heads of nails 
projecting from the blocks. 

Bent tubes are fitted to the excentric holes in the corks, as 
shown in the figure. 

A small millimetre scale, preferably engraved on a piece of 
looking-glass, is fixed behind tlie upright tubes ending at 
B and G. 

Clean mercury is then poured into the tube BCDEFG. 
When a small amount has been poured in, this must be run 
backwards and forwards so as to remove any air bubbles on the 
sides of the tube. This operation must be repeated at intervals 
whilst the tubes arc being filled to within about two inches from 
their ends. 

The tubes Tj and T2 are then set upright, with the tube 
DE horizontal. The mercury surfaces should give equal 
readings on the scale j if they do not, the disagreement may be 
due to the tubes B and G being of different diameters, thus 
giving rise to capillary forces which dififer in the two cases. 
Any disagreement must be noted, and applied as a correction 
to all subsequent readings. 

Steam is afterwards led through the light-hand tube Tj, 
whilst a stream of water at the temperature of the air is led 
through Tj. The temperature of the water on entering and 
leaving Tg must be noted. Pieces of blotting paper are placed 
on the horizontal tubes near to C and D, and water whic h has 
stood some time in the air is allowed to drip on these from a 
burette. This is to prevent heal from travelling along the 
mercury column from the part enclosed in the lulie 'fj. 

It will be found that the mercury stands at a higher level in 
the tube B than in Ch 'I hc explanation of this is simple. The 
mercury surrounded by the steam jacket having been heated, 
has expanded, and its density has consecjuently become smaller. 
Flence, in order to balance the cold mercury column on the left- 
hand side of the apparatus, a greater total length of column is 
required on the riglu-hand side. 

It will, for simplicity, be assumed that the tubes DE, and 
those proceeding from C and F, arc horizontal, and therefore 
that length CD = length FE = H (say) ; also that the tempera- 
ture of the water passing through T^ is equal to that of the air. 
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If the vertical column of meifcury in B is cms* long, that in the 
neighbouring tul)e G being Aj cms. in length, and if pt = density of 
mercury at the temperature of the air, = density of mercury at 
lOo"* C, we have 

Pressure at D = + Hpjoj 

,, E as: Agpj 4- Hp*. 

Since D and E arc in the same horizontal plane, the pressures at 
these points must be equal. 

IIpioo - Pn’H - (Aj - Ag)} 

. H^ 1 I-(A, -A,) 

Pt Pm 

But = mass, in grs., of i c.c. mercury, at a temperature of 100“ C 

X grm. of merrurv, at 100** C., occupies a volume of ~c-cs. 

Pm 

Similarly pe = mass in grms, of r c.r. of mercury at C.. 


I gim. of mercur}^ at f occupies a volume of j c.cs. 

Further, volume of 1 grm. of mercury at loo'* - [i + w(ioo - /)} 
X volume of I grin, of mercury at r® C,, 
if /// = mean cocOicient of expansion of mercury between 100® 
and C. 

X _ I 4 w (loo - /) 

Pm pf 

Substituting this value in (i) wc get 


i * w (too -- 

pt \ pt 





H = {i 4 ///(loo - /)} (H - Ai 4 Ay). 


Re-arranging, Wf' get 

w(ioo - /)(H - Aj 4 Ay) ~ H •• H 4 A| * Ay - Aj - Ay, 

Aj “ Ay 

(ibu - /)(U'- A '-Hi)' 


If Ay - Aj is small in comparison with II, we shall have 

h — h 

Mean coefficient of absolute expansion of mercury — m = ’ 

' It will be noticed that Aj-Ayis equal to the difference in 
level of the two free mercury surfaces. 

Regnaiilt's Determination of the Coefficient of 
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Absolute Bxpansiou of Mercury .—Regnault^ used an 
arrangement essentially similar to that just described to per- 
form a long series of experiments ; but the apparatus most 
closely associated with his name was constructed on a slightly 
different plan. The general principle of this apparatus may be 
understood from Fig, 38. Two upright tubes, AA', BB', are 
connec ted together, at the top by a straight horizontal tube of 
fine bore AB, and at the bottom bv a tube A'CEFDB'bent 



Fig. 38,— Diagi'ainmaiic Represeniation of Reguault's Apparatus. 


into an inverted U near its centre. The upper tube has a small 
hole bored in its upper surface at K ; and a connecting tube, 
leading to a receptacle containing compressed air, is attached 
to the top of the inverted (J at G. Mercury is poured into the 
ifeirrangement at A or B, and a sufficient pressure produced in the 
air chamber to depress the surfaces of the mercury in CE and 
DF to about the middle of these tubes. If the mercury in AA' 
is at the same temperature as that in BB', the surfaces of the 
mercury in the central tubes will, of course, be in the same 
horizontal plane. 

If, now, the mercury in one of the side tubes, say A.V, is 
raised to a temperature above that of the other BB', the mercury 
will stand higher in DF than in CE. ^ 

* Regnawlt Th« great French physicist whose high precision work 

on experimental heat will he irequently noticed in this book. 
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Let » height of mercury surface in DF above the centre of the 
tulje B'D, and = height of mercury surface in CE above centre of 
the tul>e A'C 

Let Hj, Hg, he the distance from the free mercury surfaces at B and 
A to the centre of the tubes DB' and A'C respectively. 

Let ss temp, of mercury in BB' and the tulies CE and DF and pj 
its density ; also /g = temp, of mercury in AA', and pg its density. 

Let P — the excess of the pressure in the air chaml>er, above the 
atmospheric pressure. 

Then, since the pressures at the ends of the tube DB' must be equal, 
wc have ‘ 

P + Ajp, = Hjp, P = H,(), - Vj. 

Similarly uith regard to the pressures at the ends of A'C 
P + AgPj - Hgpg P =• Hgpg - y^gp^. 

Combining these equations wc have 

HiPi - //]Pi ~ ILpg - //gp,. 

+ ^i) ~ Hgpg. 

P2 Pi * 

By reasoning piecisely similai to that employed on p. 75 , it may be 
shoun that 

^ ^ AJ!L^^±zJA 

P2~ Pi 

Hence 

(Hi - f //,,) ^,1 + m - /i Vr _ Hg 
Pi ~ Pi‘ 

(Hj — ^1 ^2) *1 ~ /l){ = Hg* 

Hence, following a similar method to that emplojed on p, 76> wc get 

_ Jb^- _Hi P /i, ~ Ag 
" (H,- A‘+ >»,)■(/, - t,)' 

It should be noticed that the use of the compressed air forced 
into the upper part of the tubes CE and DF might have been 
avoided by making these tubes sufficiently long. In that case, 
however, it would have been difficult to arrange that the tem- 
perature of the mercury throughout the whole lengths of these 
columns should have been uniform. 

h'ig. 39 represents the actual apparatus used by Regnault. 
GH represents an iron bar, supporting the tube in a 
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horizontal position. The tube AA' was surrounded by a jacket 
filled with oil, which could be heated by a fire beneath it. The 
other upright tube BB' was surrounded by a jacket through 
which cold water circulated, whilst a stream of cold water pre- 
vented heat from travelling along the mercury in the horizontal 
tubes. The temperature of the oil surrounding AA' was obtained 
by means of an air thermometer, the bulb T of which extended 
the whole length of A A'. The use of the other parts of the appa- 
ratus may easily be seen by comparison with the diagrammatic 
sketch (Fig. 38). 

In performing an experiment, the pressure in the air chdimber 
was increased until mercury just began to flow fi‘om the central 
hole in the horizontal tube AB. The lengths of the vertical 
mercury columns were measured from this level. 

Regnauli's object was not alone to determine the coefficient 
of expansion of mercury at a single temperature, but also to 
find bow the expansion varied with the initial temperature of 
the mercury. If i c.c. of mercury is increased in volume by 
a certain amount when lieated from 0° to 1“ C., it does not 
follow that I c.c. of mercury at loo'^ C. will expand by the same 
amount when heated to 101® C. The result obtained will to an 
extent vary with the thcrmometric scale chosen. 

Variations in value of m with Thermometric 
System adopted-*— With a mercurial scale, temperature is 
defined according to the following conditions 

Let us suppose 1 c.c. of mercury, at the temperature of melt- 
ing ice, to be increased to i + A c.cs. at the temperature of 
steam under standard conditions. Then each degree Centigrade 

will correspond to an increase in volume of c.cs. Thus at /j”, 
the volume occupied by the mercury in question will be 
I 4. — at it will be equal to i + — Thus we have, 


A 

(i-h-A) c.cs, of mercury at increases in volume to 
too 

(I + c-cs. at t^. 

. , I C.C, of mercury at is increased in volume by — — 


when heated to 
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Coefficient of expansion of mercury at 


A(t, W,) 

lOO 

I + — /, 
lOO 




^ lOO 
I + 

JOO 


Therefore if temperatures are measured by means of a m en- 
emy thermometer, the coefficient of expansion of mercury will de- 
crease as the initial temperature C. of the mercury is increased. 
For reasons which have been in part explained (Ch. II.) and 
will be amplified when we come to consider the thermometric 
properties of gases, an air (or, better still, a hydrogen) thermo- 
meter always forms the ultimate standard in measuring tem- 
perature. This at too" and at o C will agree with the mercury 
thermomtrter ; but other temperatures as indicated by the air 
an<l mercury thermometers will not agtee exactly. 

With the ail thermometer, temperatures may be measured as 
follows Let a certain quantity of air at the tempeiature of melt- 
ing ice occuj^y a certain volume under a prcssuie P, and let it be 
necessary to inciease this pressure by^ in older to maintain this 
air at the same v’olume at the temperature of water boiling under 
standard conditions. Then an inteimediate temperature C. 

will correspond to a picssure of P -f the air being main- 
tained iliroughout at its initial volume. 

Regnault found that when temperatures aie mca'>urcd by an 
air thermometer, m was very neaily constant for temperatures 
between o and ioo° C. For veiy high temperatuies its value 
diffeied somewhat considerably from its value at low tempera- 
tures. 

Between o® and too® C. the mean value for the coefficient of 
cubical expansion of mercury is *00018x53. 

The experiments of Regnault have been more recently 
repeated (iojj) by Callendar and Moss, using an improved 
form of the original apparatus Iiaving six pairs of liot and cold 
columns connected m series, thus multiplying six times the 
difference in height due to a single pair of columns. Their 
result for mercury in the range o'" to loo*^ is 0*0001820530. 

CoeflBLoients of Expansion of Liquids.— Two methods 
of determining the coefficient of expansion of a liquid have 
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already b^n described. An improved form of apparatus for 
determining the same quantity will here be mentioned. 

Fig. 40 represents a P^knometer. This consists of a wide 
tube AB joined at both ends to thermometer tubes of fine bore, 
which are bent as shown, the parts CD, EF being in a straight 
line. To fill this arrangement, the end C of the tube DC 
(which is here drawn out so as to possess a very fine orifice) 
is placed below tlic surface of the liquid, AB meanwhile being 
inclined with B uppermost. A piece of indiafublier tubing 



F IG. 40 — A Pyknomt* ter. 

having been placed over the end F, liquid is sucked into the 
apparatus till the whole is filled. 

The pyknometer is tlien placed m a beaker of water, and is 
supported by resting the tubes CD, EF on the rim of the 
beaker. After having been left for a sufficient time for the 
contained liquid to have attained the temperature of the sur- 
rounding water, the pointed end E of the capillary tube is 
touched with a piece of blotting paper, and liquid withdrawn 
in this manner till the meniscus in the tube Eh is seen to just 
coincide with the scratch G. 

The pyknometer and its contents are then weighed and the 
above operations repeated, only with tlie water contamcni in 
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the beaker kept at a higher temperature. The necessary cal- 
culations are similar to those already explained (pp. 67-68). 

Maximum Density ofWater.— Fig. 41 representsHope^s 
well-known apparatus (1804) for determining the temperature 
at which water possesses a maximum 
density. A cylindrical glass vessel is 
surrounded, at about half its height, 
by an annular trough, which may be 
filled wilh a mixture of broken ice and 
salt, thus forming a freezing mixture. 
Two thermometers indicate the re- 
spective temperatures of the water at 
the top and bottom of the cylindrical 
vessel. 

As long as the density of the water 
is increased by cooling, the colder 
water will snik, thus causing the tem- 
perature indicated by the lower ther- 
mometer to fall. 'J'his will go on until 
the lower thermometer indicates 4® C., 
the upper thennometer meanwhile 
remaining at its initial temperature. Soon after the lower 
thermometer has reached 4^^ C., the temperature indicated by 
the upper one will coinnu‘nre to fall, and will continue to do 
so till o'^ C. is reached, and ice begins to form on the upper 
surface. The temperature indi( ated by the lower tliermometer 
remains during this inteiTal at 4" C. 

To determine the Expansion of Water between 0® 
and 10° 0. 

The constant volume dilatomcler is a simple form of 
apparatus for this experiment and may be made as follow^s : — 

Exer. 19. — A water thermometer, of the shape shown in Fig. 42, is 
made out of glass. The bulb is cylindrical, so as to present a large 
cooling surface, and should contain from two to three hundred cubic 
centimetres of water. The relative sizes of the bulb and tube must be 
selected after the performance of a calculation similar to that given on 
p, 6 ; the expansion of water for temperatures between o"^ and to* can 
be derived from the table which follows. 



Fir. 41— Hojx*’s Apparatus 
for tletemunnig the tem- 
petatitre coire.si»onding to 
the niaxicnum density of 
Water. 
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VOLUME. IN CCS,, OCCUPIED BY i ORAM OP WATER AT VARIOUS 
TEMPERATURES {Rasttii). 


T«mp. 

‘C. 

Vol. C.CS. 

Temp. 

*c. 

Vol, CCS, 

Temp. 

Vol. C.C8. 

Temp. 

•c. 

Vol. c,c*. 

- xo 

z’ooi86 

8 

I'OOOXt 

s 6 

1*00314 

44 

1*00939 

- 9 

1*00157 

9 

X *00018 

37 

X ‘00341 

45 

I ‘0097* 

- 8 

1*00x32 

xo 

1*00035 

ftB 

f '00368 

46 

x'oiox4 

- 7 

2*00x09 

xz 

X 00034 

39 

X *00*396 

47 

1*01057 

- 6 

1 '00088 

Z3 

X '00045 

30 

1*00435 

48 

x'ozxox 

“ 5 

1*00070 


1*00057 

31 

1*00455 

49 

z ’01x48 

- 4 

1 00054 

»4 

1*00070 

3 » 

1 '00486 

90 

z‘ozX 9 S 

- 3 

X ‘00041 

*5 

1*00084 

33 

X ‘00518 



- a 

X '00030 

16 

1 * 00 X 00 

34 

1*00551 

S 5 

X *0X439 

- i 

X *00030 


X ‘ooi 16 

3 S 

x'005^ 


X *0x691 

0 

X ‘000x3 

18 

1*00135 

36 

X ‘00621 

1 6 s 

1 ‘01964 

X 

1*00007 

*9 

t -OOI 54 

37 

X *00657 

70 

X '03356 

at 

1*00003 

30 

1*00174 

38 

1*00694 


X*03S^ 

3 

x'oooox 

2X 


39 

1*00732 

80 

2*03887 

4 

1*00000 

32 

1*002 18 

40 

X *00770 

85 

X‘0332X 

5 

T'OOOOI 

33 

I *00240 

4 t 

z‘oo8^ 

90 

X *03567 

t) 

X *00003 

84 

X *00264 

4a 

1 '00849 

95 

1*03931 


1*00007 

35 

1 

1*00389 

43 

X ‘00889 

zoo 

1*04312 


Since the ratio of the coefficients of real expansion of rner- 
ciiry and glass are approximately ‘ODoi 82 /•000026 i.e. 7/r, 
about one-seventh part of the volume of the bulb should be 
filled with mercury, M, the rest of the space being filled with 
water, W. By this means the expansion of the bulb is corrected 
for. The total increase in volume of the bulb when heated is 
equal to the increase in volume of the mercury, so that the 
volume occupied by the water remains unchanged- (See 
Question 3, p. 88.) 

The bulb must be filled with distilled water which has 
been well boiled, in the manner explained, with regard 
to a mercury thermometer on p. 8. It is best not to seal 
up the tube of the water thermometer; a short column, (), 
of heavy paraffin oil can be used to prevent contact between 
the water and the atmosphere. 

To perform an experiment, the bulb is immersed in water 
contained in a suitable vessel, and a steel scale, or better 
still, a scale engraved on a piece of looking glass, is 
fastened behind the tube with soft red wax. Finally, a 
thermometer is hung in the water in order to indicate the 
temperature. 
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The best means by whit h the watermay be cooled isfey adding 
ice shavings, cut with a broad chisel from a large block of ice. 

I Stir the watci well, and try to maintain the 

temperature indicated by the thermometer 
constant for several minutes before each 
reading The observations to be taken are, 
. the positions of the water surface (reading 

^ - -0 liom the lowest edge of its curved surface), 

; and the corresponding temperatures of the 

‘ surrounding water. When the water has 

W-: been cooled down to nearly o'* C , taking 

^ . leadings (say) at 15^ 12^ 7°, 6°, 5^ 4^ 

^ 3% and allow the water to rise m 

■ temperatuie, stirring widl all the while, 

and take similar observations in a 1 (‘verso 
ordcT 

0-: - Idke the mean of the two readings of the 

^ position of the water surface at any tem- 

pciature (when c(K>hng and when heating) 
to rcpieseni the true leading for the given 
tcmjierature Vloi a curve, tempeiatuus 
J lieiiig marked oft liou/on tally, and the read- 

mgs tor the height of the water surface 
vortKalJy 

^ shows ^^ery plaml> that the sur- 
tai c of the water m lh(‘ narrow tulx? tails 
as the watc‘i is cooled, till a temperature 
of about 4 ( IS leac hed , aftei that the sur- 
Jace rises till o C is i cached 

BjHW jiyi ( onscqucntly water is denser (or i c c of 
* water has a gieat(.r mass) at 4^ C than at any 
for (h t< rrnming ot litr temperature Jr in tlu r notice that the 


Sm-iSmliM? '■wrve IS very nwirly flat ui the nejghtour- 
waur^^ii’^rntr' of 4 ' ( , SO that a Small variation in 

eun,’ o,' short the temperature will make little difference 
column of oil density of water 

For this reason the unit of mass in the metric system 
has been dehned as the mass of 1 c.c. of water at a 
temperature of 4^ O. This unit of mass is called 
a gram. 
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Exfx. 20. — The value o! the expansion of water between o* and 
to** C. may also be obtained by the use of the method explained 
in Ezpeiiment 17, p. 69, cooling the water by adding ice shavings. 

This method was used by Matthiessen; the coefficient of 
expansion of the bulb was first determined by finding the 
mass of mercury which it contained at various temperatures. 

HalstrOm used a piece of glass rod instead of the bulb, and 
determined the coefficient of linear expansion of the rod 
by l^amsden's method (see 
p. 46). 

The anomalous expansion 
of water is explained as due 
to the presence of types of 
molecules having different 
degrees of complexity, H/), 
aHgO, 3H2O, and different 
specific volumes, the pro- 
portion of tlie respective 
molecules varying with the 
temperature. 

Expansion of Liquids 
above their Boiling 
Temperatures and below 
their Solidifying Tem- 
peratures.— Pure liquids, 
particularly pure water, may be cooled considerably below 
their solidifying temperatures without becoming solid, as 
long as the containing vessel is quite clean, and du«t and 
mechanical vibrations are avoided. Hence, if such a liquid is 
enclosed in a bulb provided with a tube like an ordinary ther- 
mometer, it is possible to study its behaviour at temperatures 
far below its solidifying point 

Despretz has thus studied the behaviour of water as far as a 
temperature of -id' C. He found that water continued to 
expand as the temperature fell, until solidification occurred. 

After solidification had occurred, howevei% the ice contracted 
with further cooling ; indeed, after water is frozen, any 
subsequent fall of temperature is accompanied by 
a contraction. 

When liquids arc subjected to pressure, their boiling points 



86 ^EAT FOR. ADVANCED STUDENTS chap. 


are raised. We have already seen how this property Vtas been 
Utilised in die construction of high temperature thentiotneter^. 
In an exactJy similar manner wc can study the expansion of a 
liquid at temperatures above its boiling point, by enclosing tho 
liquid in a thermometer shaped vessel, the space above its 
surface being occupied by some inert gas. 

In this way it has been found that the coefficient of cubical 
expansion of a liquid increases as the temperature is raised, and 
may even, for high temperatures, be greater than that of the 
permanent gases. Thus Thirloricr found that the volume of 
liquid caibonic acid at 30® C, uas one-and-a>half times the 
^volume of the same liquid at o" C., thus showing an expansion 
equal to four limes that of air. 

The expansion of a liquid which is raised to such a high 
temperature that it would boil if the pressure to which it is 
subjected were relaxed, has been found to be independent of 
the exact value of that pressure- Water, however, appears to 
form an exception to this rule. Thus the temperature of 
maximum density of water is lowered by about i® C. w'hen 
subjected to a pressure of 50 atmospheres. 

Cubical Expansion of a Solid. — If a solid body be en- 
closed in a glass vessel of which the coefficient of expansion has 
been determined by the method already described Cp. 65)^ and 
If some liquid such as mercury, of which the absolute ex}>anSTon 
is known, be introduced so as to fill the space not occupied by 
the solid, the expansion of the latter may be easily determined 
by finding the apparent expansion of the mercur). 

Fig. 44 shows a weight thermometer or dilatometer, armnged 
for this purpose. The narrow neck is drawn out after the solid 
bar has been introduced. The bar is provided with small pro- 
jections to keep it from lying on the side of the dilatometer. 



Fig. 44.— Weight tliermonietcf, arr^ng^ed to determine the cuIhcaI 
expansion ot a bc»lid. (P) 


The instrument is filled by placing the end of the drawn out 
tube below the surface of some clean mercury, and driving out 
some of the contained air by heating ; mercury subsequently 
etders as the dilatometer is allowed to cook This process is 
rill the air is ejcpelled, when the mercury is bailed 
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for a short interval in order to remove the gases condensed on 
the inside surface of the glass. 

The apparent e>«panSion of the mercury in this instrument is 
obtained in a n^ner exactly similar to that already explained 
(p. 67). 

It may be remarked that the weight thermometer shown in 
Fig. 44 is often used for the determination of expansions, 
instead of that described on p. 66, Some care is, however, 
required in the filling it, whilst it possesses nc marked 
advantages. ^ 

Summary. 

Density is defined as the mass of unit volume of a substance. 

Thermal Expansion of a Hollow Vessel. —When a hollow 
vessel is heated, the increase in the entlosed volume is equal to that 
which a solid body, made of the same material as the walls of the vessel, 
and possessing a volume equal to that iniually enclosed, would experience 
in similar circumstances. 

The Coefficient of Apparent Expansion of a liquid is equal to 
the coefficient of absolute expansion of the liquid diminished by the 
coefficient of cubical exjmnsion of the substance of which the enclosing 
vessel is composed. 

The Coefficient of Absolute Expansion of Mercury was deter- 
mined by Kegnault by balancing a column of hot mercury against a 
column of cold mercury. 

The Coefficient of Apparent Expansion of a liquid may be 
determined — 

(i) By weighing a vessel filled with the liquid at two difierent tem- 
peratures. 

(a) By weighing a body in air, and then when immersed in the 
given liquid at two difierent temperatures. 

( 3 ) By observing the height to which a liquid rises in the tube of a 
thermometer- shaped vessel when the whole is heated. 

From these observations the coefficient of absolute expansion of the 
bquid can be determined if the coefficient of cubical expansion of the 
substance of which the vessel is composed is known. 

The Temporatute of Maximum Density of Water is 4 ®C. 

The Coefficient of Cubical Expansion of a Solid Rod can be 
determined by enclosing it in a weight thermometer (or dilatometery 
filled with mercury, and determining the apparent expansion of the 
latter substance. 

When ice is cooled below o’ C. it contracts, and expands again on 
heating until melting commences. 
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When wAt«ir is cooled below o^C., under such conditions that solidi- 
dcatjon does not occur, it expands as lower temperatures are reached- 


Questions on Chatter IV, 

(1) Describe a method of determining the absolute expansion of 
merctiry. 

(2) Explain how to make a weight thermometer. If the coefficient of 

relative expansion of mercury in glass be what mass of mercury 

will overflow from a weight thermometer which contains 400 grams 
of mercury at 0* C. when its temperature is raised to 100“ C 

(3) If the coefficients of cubical expansion of glass and mercury are 
0*000025 and O'OOOiS lespertivcly, what fraction of the whole volume 
of a glass vessel should be filled with mercury in order that the volume 
of the empty part should remain constant when the glass and mercury 
are heated to the same tempeiaiure ? 

(4) How may the absolute expansion of any non-volatile liquid be 
directly determined? Explain why the balancing of a hot against a cold 
Column eliminates the expansion of the vessel. If the cold column at 4“ C 
were 60 cms. high, and the hot column at 95® svere ^ cm. higher, 
what would be the absolute coefficient of cubical expansion of the 
liquid ? 

(5) Descri?>e the process of determining the coefficient of expansion 
of a liquid, hke alcohol or paraffin, remembering the necessary pre- 
liminary determination of the expansibility of the glass vessel employed- 

(6) How' can the absolute expansion (a) of mercury, (fi) of ary other 
liquid, be determined? 

(7) Describe an experiment which proves that the density of water is 
greatest at about 4'’ Centigrade. 

(8) Describe a method by which you could find accurately the cubical 
expansion of a liquid relative to glass. 

(9) How may the absolute expansion of mercury be determined ? 

(10) Show how far the statement, that the roefficient of apfiarent 
expansion of a liquid in glass is equal lu the difference between the 
absolute expansibilities of glass and liquid, is a precisely accurate one ; 
imd descrilie a method of measuring the apparent expansibility of a 
liquid in glass, 

(n) A long glass tube, with uniform capillary bore, has in it a thread 
of mercury which at o'* is i metre long. At 100® the thread i.s 16 *5 mmr 
longer. If the average coefficient of volume expansion of mercury is 
0^000182, what is the coefficient expansion of the glass? 

(12) Find the leading of a mercury thermometer if the bulb and stem 
Up to the xero graduation are exposed to a temperature of 300® C. while 
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the remainder of the slem is at 20* C# assuming the coefficients of 
cubical expansion of mercury and glass to be o*ooot$o and 0*000030 
respectively, 


Praciicai. 

(1) Find the expansion of water between the temperature of the 
room and 80* C, 

(2) Determine the expansion of water lietween two temperatates by 
weighing in it a solid of given expansion 

(3) find the expansion of water between the? temperature of the 
room and 50® C given the expansion of glass. 

(4) Blow a bulb on a glass tube of small bore, and measure the 
capacity of the same and that of each cm length of the stem. 

(^) Determine the coefficient of expansion of paraffin oil. 

(6) Measure the coefficient of expan'^ion of a liquid by a weighing 
method 


CHAPTER V 


ELASTICITY AND THERMAL EXPANSION OF GASES 

Belation between the Volume and the Pressure 
Of a Gas.— The volume which a xas occupies depends, not 
only on its temperature, but also, and to an equal degree, on 
the pressure to which it is subjected. Hence before attempting 
to determine the laws governing the thermal expansion of gases, 
We must study the variation in volume of a gas when the pressure 
to which it is subjected is altered, 

Fig. 45 represents an arrangement which may be used to 
Study the relation between the volume and pressure of a gas. 

AB is a hundred c.c. burette, furnished with a stopcock at 
A, and drawn out at B, so as to fit *into a piece of indiarubber 
pressure ttibing. A drying tube D, filled with large pieces of 
calcium chloride, is connected above the stopcock by means 
of a piece of ordinary indiarubber tubing. 

The pressure tubing, joined at one end to B, is connected 
at its other end C with a glass tube, which in its turn fits tightly 
in a hole bored in an indiarubber stopper, closing the lower 
orifice of a mercury reservoir R. A bent side tube G is fused 
on to the tube just mentioned ; the vertical portion of this side 
tube is placed in front of a centimetre scale, so that the height 
o ( the mercury in the reservoir may be accuiately indicated. 

The reservoir R is made from a wide-mouthed bottle of about 
ISO c.cs. capacity, in which a small hole has been drilled at H. 
Mercury can be intioduced through this hole by means of a 
funnel with a bent tube. 

The hole in the bottle may be bored by the help of a file which 
has been ground at one end to a three-cornered pyramidal point, 
,aacl then hardened by being raised to a white heat and plunged 
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into coW If the boring point is occasionally dipped in 

turpentine, the hole can be quire easily bored by hand in a few 
minutes without any sort of drilling appliance. Indeed, if the 
latter is used, some care is requisite to prevent a fracture of the 
4>ottle when the hole is nearly completed. 

The reservoir is attached to a sliding panel capable of a 
vertical motion. It may be maintained in any particular position 
by means of a string passing over pulleys near the top of the 
apparatus. 

The pressure tubing must be carefully bound with copper wire 
at B and C, in order to prevent its slipping off the glass tubes 
over which it has been pushed at these points. 

The stand carrying the above experimental arrangement 
should be provided at its base with a deep wooden tray to catch 
any mercury which may be accidentally spilt. 

To determine the Belation between the Pressure 
and Volume of Dry Air at Constant Temperature.— 
The operations to be performed may conveniently be classified 
as follows : — 

ExP'x , 21 . — 7b calibrate the hntetle, — The burette Is detached from the 
tubes at its ends, removed from the stand, and after being cleaned with 
strong nitric acid, is filled with water, and supiK>rted in a vertical position 
with the closed stopcock downwards. Water is then run out till the 
meniscus just coincides with the loo c.c. graduation. 

Obtain a flat-lxittomed flask, together with a walchglass which may 
be used to close the mouth of the flask during weighing. Weigh the 
watchglass and flask together, and then run water into the flask from 
the burette till the meniscus coincides with the go c.c. graduation. 
The flask and its contained water is then again weighed, and the above 
Operation repeated for each interval of ro c.cs. Finally, water is run oft 
just down to the stopcock, so that after weighing, the volume between 
the stopcock and any graduation of the burette can l>e determined. 
A curve of corrections for the various burette readings should be drawn. 

You may assume that i gram of water occupies a volume of x c.c. 

22 yf// the burette with dry air , — The burette having 
l>een carefully dried by gently heating and drawing air through it, re- 
place it on the stand, fix it firmly in position, and re-attach the tubing. 
Four clean dry mercury into the reservoir by the help of a suitable 
fiinnel. Care must be taken to remove any air which may have become 
entangled in the mercury in the pressure tubing. 

The stopcock A (which should previously Have been slightly greased) 
being opened, raise the reservoir K till the mercury almost reaches 
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to the stopcock. If the reservoir is then slowly lowered} the sir drawn 
into the burette will be dried by passing over the calcium chlonde. 

Bind a thermometer T on to the burette by means of some 
thin copper wire. After a few minutes read the thermometer^ and 
observe the Imrometric pressure. When both of these are recorded,^i 
close the stopcock and carefully bind it in position by copper wire. 
The burette reading of the mercury surface having been recorded, you 
know the volume of dry air (at a known temperature, and subjected to 
the observed atmospheric pressure) which is contained a^ve the 
mercury surface in the burette, 

K 

Expt. 23. — To stibjeci the air containtd in the htireite /<? variotts 
pressures . — This can be done by raising the reservoir to various heights. 
If we measure the pressuies in centimetres of mercury, the pressure to 
which the air contained in the burette is subjected at any instant is 
equal to P, the barometric pressure (measured in cms. of mercury), plus 
the difference in level, in cms., between the surface of the mercury in 
the reservoir and of that in the burette. 

The reservoir must be raised or lowered slowly, since the temperature 
of the air m the burette will be altered by any sudden compression or 
expansion. The readings to be taken at the present stage are : — 

(I.) The burette graduation which corresponds to the surface of the 
contained mercury, (2.) The position of the mercury surface in the 
reservoii ; this obtained by noting the division on Uie centimetre scale 
which correspond® to the meniscus of the mercury on the gauge tube. 

Make out a table in your obsei valion book similar to the following*-^ 

Tempt'iature of air ~ , , 

Barometric pressure (in cms. of mercury) ~ , 


Mercury 
surface lu 
Burette. 

1 

Mercury 
surface m 
gaujje tube, : 
htopeur k ^ 
open. 

Mercury 
surface in i 
gauge tulie, 
stopcock 
closed. 

Head 

of 

Meicury. i 

Total 

pressure 

(/)• 

Volume 
of air 
contained 
in Burette 
(V). 

pt>. 







1 

i 


You can now hit in columns x and 3 as your observations are made. 
After the reservoir has been raised as high as possible, reatjings 
having been taken for eaclvsuccessive increment of 20 cms. in its elevation, 
similar readings must be taken as the ijredervoir is lowered- 
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delation between Volume and Temperature of a 
0as at Oonetant Pressure.— When one of the above gases 
is enclosed in a vessel, and the temperature of the gas is raised, 
its pressure remainmg constant, the volume of the gas 
increases Let the initial temperature of the gas be o'* C* the 
temperature of melting ice), and let its \ olume at this tempera^ 
ture be ecjual to V 'N^ile the pressure is maintained constant, 
let the temperature be raised to loo® C , the temperature of 
water boiling under standard conditions), and let v be the con- 
sequent increase in the volume of gas Then, since one cubic 
centimetre at o" will obviously expand by the same amount as any 
other cubic centimetre, will be pioportional to V, and therefore 
v/V will be a constant , if this is divided by loo (ze, the rise 
in temperature), we obtain the increase in volume of 
each unit volume at C per 

.[[, degree rise of temperature, 

when the pressure is kept 
Jl * '■" im constant. This quantity is called 
i ^ II S i coefQlcient of expansion 
c l 9 1 1 constant pres- 


a I IxiT 25 — To dete'frmm the €»•> 

9 1 i' aB I efficient of CApanston of atr at constant 

ji J Ihe essential details of the appar- 

I required for this expeiiment arc 

^■1 %■ JP M t I represented diagrainmatically m lig 
I 47 Dne lirnb of a U tube, rlosed 
uBSK I above with a slop cock, composes a 

I&' " I bulb, A, of 27 c c capacity, a Itiwer 

I H bulb, B, of 9 c c capacity, and a 

■ A tubular portion guduated m c cs , the 

I H other limb, C, is tubular Both limbs 

I have corresponding gradu- 

n ^ alions, as represented m the 

diagiam. Ihe stopcock 
^ must l>e lubriratcd with a 

little burnt black or white 
(not red) rubber ; this is the 
Fig 47 Aj^paratua for det«rmimng the co* only lubricant that Will Stand 
.ffiewnt of . xp«s.on of . gM ..t conatot temperature of boilmg 

w%tct. The U^-tuhe has a 
T^jolht bf J>j which is connfcted hy means of flextble tuWg 
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with a glass tube» £. The U-tube is surrounded by a^glass vessel 
which can be filled with water, ta act as a constant temperature bath. 

The stop-cock above A being opened, mercury is poured into E till it 
rises in both limbs of the U-tube. The stand carrying the apparatus 
(not shown in Fig, 47) is provided with levelling screws ; these are 
adjusted until the mercury stands at corresponding graduations in the 
two limbs. Subsequently, whenever the mercury .stands at corresp^md- 
hig graduations in the two limbs, the pressure of the ah in A will be 
equal to the atmospheric pressure. The tube E is next lowered till 
the mercury just forms a seal at the bottom of the U ;^by the aid of a 
bicycle pump air is pumped for some tune through a drying tube 
containing calcium chloride and soda lime, and then through the bulbs 
A and B, escaping pa.st the mercury seal into the tube C, Next, remove 
the pump, but leave the drying tube connected wdtb the bulb A, Raise 
E all the mercury stands at the graduation lietueen the tw^o bulbs A and 
B, add plenty of ice to the water in the bath, and, when the whole has 
reached the temperature of mcUing icc, close the stop-cock above A* ' 
Twenty-seven c.cs. of pure dry air at o’ C. have now been enclosed at 
atmospheric pressure ; hence V = 27 c.cs. 

Remove the unmelted ice, syphon ofl the cold water, and fill the bath 
with boiling water. In order to keep the water boiling, blow steam 
through It by means of a rubber tube the end of which dips down nearly 
to the bottom of the bath. When the bubbles of steam rise through 
the water without collapsing, the water is at its lx)iling point. Next 
lower E (ill the mercury stands at coi responding gradudtions in the tW6 
limbs of the U-tuhe; the enclosed air is now at atmospheric pressure, 
and the increase in its volume can lie accurately read off from the 
giaduation below B at which the mercury stands. Tiiis gives us v* 
Hence, determine the value 7//100V, 

The following coi-redions may l)c applied : 

(a) Read the barometer, and use the true boiling point of water under 
the observed pressure, in place of 100’ (sec p. 27). 

[b) Apply a correction for the expansiort of the glass vessel. 

Using this apparatus, the value obtained for the coefficient of expansion 
of air at constant volume should not differ by more than aliout i per 
cent, from 1/273. Other perfect gases can be used in place of ah, and 
these all will lie found to have the same coefficient of expansion. 


We can now determine some valuable relations by the 
aid of Fig, 48. In this we may suppose that the curve 
ABC represents the relation between the pressure and 
volume of a certain quantity of air when maintained at tfie 
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temperatiire of melting ice. Let us suppose that the volumes 
are measured in ocs., and the pressures in any arbitrary units. 
Then we^ see that when subjected to a pressure 20, the air 
occupied a volume of 20 c.cs. The increase in volume of i c.c. 
of air, when heated, under constant pressure, from the tempera- 
ture of melting ice to that of boiling water, has already 
been determined. Hence we can calculate the increase in 
volume of 20 c.cs. under the same conditions. You may assume 
for the present that the increase in volume occurring when a gas 



is heated, is independent of the value of the constant pressure to 
which it is subjected. , 

Now a horizontal line drawn through 30 will obviously repre- 
sent all the points on h'ig. 48 for which the pressure is constant 
and equal to 20. If, therefore, we mark off along this line a 
distance CC equal to the increment in volume of 20 c.cs. of air 
when heated from the temperature of melting ice to that of 
boiling water, C' will be a point on the isothermal for the air, at 
a temperature which we may define as 100° C. This isothermal 
may be drawn in the same way as the first one, remembering 
that the voluipc of the air multiplied by the pressure to which it 
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is subjected remains constant. We now have an isothermal for 
air at the temperature of melting ice (0° C.) and one for air at 
the boiling point of water (100^ C.). We can divide the distance 
CC' into loo equal parts, and if the diagram had been drawn on 
a larger scale we might have drawn isothermals through each of 
these points. Then, if we number these isothermals consecu- 
tively as o®, r®, 2'', 3** . , . . 99®, 100®, we have the following 
method of measuring temperature. 

A quantity of air is taken at O'* C., and the increase 
in its volume, when it is heated at constant pressure 
to 100® C., is noted. Call this increment d. If this 
air is found at any subsequent period to occupy a 
volume greater by x than its initial volume at O®* 
the pressure being equal to that at the beginning cf 
the experiment, then the temperature is equal to 



It will have been noted that, in the experiment last described, 
a mercury thermometer was not used. This was arranged 
intentionally, since, as previously pointed out, the most reliable 
method of measuring temperature is in terms of the expansion 
of gases. We have now^ arrived at a method of measuiing 
temperature which is quite independent of the use of a mercury 
theimometer. 

In obtaining the boiling point on an air thermometer, 
similar precautions and corrections to those already described 
in connection with a mercury thermometer are necessary. 

General Equations to the Isothermals of a Perfect 
Oas.-“Let 

pv ^ K 

be the equation to the isothermal of a perfect gas at o® C. 

Let us &upi>obe that a particular volume of gas at a tem- 
perature o® C., and a pressure is heated to /® C., the pressure 
meanwhile remaining constant. Let the consequent mcrease 
in volume of the gas be denoted by Then as long as the 
temperature of the gas remains at f, the product of its 
volume into the corresponding pressure will remain constant, 
Aud equal to Pq[v^ 4 - Hence, if p^ v, now denote <^ny 
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corresponciiiig values of the pressure and volume of this 
quantity of gas at f, we have 

pv = Ptivo + St-o) = + *^) 

Bv 

Let — 2 of, so that a represents the increase in volume of 

I c.c. of gas, when heated from o° to i® C. Now 
Po^'o == ^ 

/, pv^ k( 1 + at) 

Hence the equation to the isothermal to the gas at f is 
pl> = k(i + at). 

You have already obtained a value for a. As the result of 
experiments to be described later, Regnault found a to be 

equal to or -003665. 

a is termed the coeffUient of expansion of a g«s at constant 
pressure. 

A value for the coefftcient of expansion of air was first found 
by Dalton and by Cray-Lussac in T8oi. Regnault later cor- 
rected tins value, as noted above TJie hrench physicist 
Charles (1746- 1823) discovered that the coefQcient of expansion 
was the same for all the common gases. 

Increase in pressure of a gas, the volume of which 
is maintained constant whilst its temperature is 
raised. 

Referring to Fig 48, it will be seen that the line CC'*' is equal 
in length to CC\ Now since the ga& at C is at a temperature 
of 0^ C , whilst at C'" it IS at 100° C., the volume in both cases 
being equal to 20. CC'"" represents the increase in pressure of the 
gas when heated from to 100® C., the volume remaining 
constant. 

Let us take any other point on the isero isothermal, B for 
instance, corresponding to a volume 13*3 and a pressure 30. 
Then BB' « 4-9» BB" « ii. 
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Then, increase in volume of i c.c. of gfas at o° C., when heated 

to iOG° under a constant pressure 30, *= *36. 

13*3 J 3’3 

Also, the ratio of the increase of pressure, 1 1, to the initial pres- 
sure, 30, when the gas is heated from o* to jroo" C- « ‘36. 

30 

If a given quantity of a gas is heated from 0' to 1 ° O., 
its volume remaining constant, then the ratio of the 
increase of pressure to the initial pressure is termed 
the coefficient of increase of pressure 6f the gas. 

This quantity is also sometimes termed the coefficient of 
expansion of the gas at constant volume. But as the gas is, by 
the nature of the case, not allowed to expand, this term is some- 
what misleading. It is best to use the term given above, or the 
simple contraction “pressure coefficient of the gas.^' 

In the case of a perfect gas, the pressure coefficient 
is numerically equal to the coefficient of expansion 
at constant pressure. 

We have just found this to be the case from measurements 
made on the isothermals given in Fig. 48. It wnll now be 
shown that this is so, from the equations to these isothermals. 
We have seen that if 

^ 7 ' = #c 

is the equation to the o'’ C. isothermal of a gas, then the f C. 
isothermal will be represented by the equation 

p7J = ic (i + n/) 

where a is the coefficient of expansion at constant pressure. 

If we take a volume of a gas, subjected to a pressure at 
C., and raise its temperature to f C., its pressure being in- 
creased by in order to maintain its volume constant, tiien 
we shall have the f isothermal represented by 

'pv = {po + 8/>o)«'o “ (i + 

Let = p<, where p is the pressure coeJhcient of the gas. 
Pa 

as previously defined. Then since 

PqVq =» K 

we have for the equation of the 100® isothermal 

pv = k(j + pi). 
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But we have already found the f C. isothermal to be repre- 
sented by 

pv =* K ( I + a/), 

a “ 

/.f., the coefficient of expansion of a perfect gas at constant 
pressure is equal to the pressure coefficient of that gas. 

Volume of a Gas when cooled below O' O.— In accord- 
ance With the method of measuring temperature which we have 
adopted, a cubic centimetre of gas, if cooled to — C., its pres- 

sure remaining constant, would have its volume decreased by a, or 

-i- c.c. If cooled to - 2" C. under similar conditions, its volume 
273 

would be decreased by c.cs. Similarly, ifcooled to - 273'' C., 

273 

its volume would be decreased by = i c.c. its volume 

273 

would be diminished to zero. Passing over, for the moment, the 
difficulty of conceiving that anything should be capable of being 
reduced to occupy no space, we can at least agree that no 
further diminution of volume could occur through cooling. 

Absolute Zero of Temperature. - For the reasons just 
mentioned, -273° C. is termed the absolute zero of temperature. 
In spite of the difficulties which underlie this reasoning, we must 
adopt, for the present, the results arrived at. A satisfactory 
justification of our procedure will be forthcoming when we come 
to study the kinetic theory of gases (Chap. XIII.). 

Absolute Temperature.-— The absolute t*^mperaturc of 
any body is its temperature measured from the absolute zero. 
Thus a temperature of 50° C. is equivalent to ah ansolute tem- 
perature of 50 -f- 273 323°, and, generally, the absolute 

temperature is obtained by adding 273'' to the ordinary centi- 
grade temperature. 

Of course, the absolute zero could be expressed in terms of 
Fahrenheit degrees, and the absolute temperature of anything 
could thus be given in terms of the same unit. 

To express the equation of the Isothermals of a 
Perfect Ctes in terms of its absolute temperature,— 
As previously shown, the isothermals of a perfect gas are 
represented by the equation 
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Further* 273 + t is equal to the absolute temperature of the 

gas. Let 273 + f T ; then since — is a constant, which 

273 

we may denote by K, we have the following simple expression 
for the isothermals of a perfect gas ; — 
pv « KT. 

Or since K is a constant and the expansion !s being considered 
at constant pressure, this may bo written 
V oc T. 

Hence wc have the important generalisation known as 
Charles’ Law. 7 he volume of a gas at constant pressure %s 
proportional to its absolute temperature. 

It IS important to note that the absolute temperature is a 
condition imposed by the properties of gases as such. It has 
been remarked that temperature scales are purely arbitrary, 
and hence gases cannot be expected to conform to scales 
invented for our own convenience. In all calculations 
involving the temperature of a gas, temperatures must be 
expressed on the absolute scale. 

From the above relation 



Then for any other pressure, volume, and temperature p\ v* 
andX' 

pU/ ^ pv p'v^ 

From this formula can be carried out almost all gas calcula- 
tions involving any of these three quantities. For a gram- 
xnolecule of a gas, which by Avogadro’s Law occupies the same 
volume for all gases 

pv «= RT, 

Tlie evaluation of K, the gas constant, is an important matter 
and will be considered in Chapter XI 11, 

It may be well here to work a few examples relative to the 
expansion of gases. 
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Exampk, — i. A certain quantity of gas occupies a volume 
of 300 c,cs. at 25® C., under atmospheric pressure. At what 
temperature will the same gas occupy a volume of 200 c.cs. 
under an equal pressure 2 

Here p is constant 

V w' . 300 200 , 300 __ 200 

•** T r 27J + 25 ““ 298 

T' =: 200 X ~ 198*6^ abs. 

300 

Hence the absolute temperature required is’ 198*6®, which 
corresponds to 198*6 — 273 =? — 74*4® C. 

2. A quantity of gas, collected in a graduated vessel over 
mercury, is observed to occupy 215 c.cs. The surface of the 
mercury inside the containing vessel stands 3*5 cms. above that 
of the surrounding mercury. ITie temperature of the room is 
20® C., and the barometric pressure is equal to 758 mm. What 
volume would the collected gas occupy at o® C. when subjected 
to a normal pressure of 760 mm. of mercury ? 

Pressure to which gas is subjected = 75*8 — 3*5 s= 72*3 cm. 
of mercury. 

Volume of gas, under above pressure, and at 20® C.t=2i5 c.cs. 

Absolute temperature of gas == 273 4- 20 = 293. 

Substituting in equation 

pv __ pV 

T r 

72*3 X 215 __ 76*0 X u' 

293 ^75 

* = 73-3 X 215 ^ 273 

293 7 ^ 

= TOO C.CS, 

Further problems will be found at the end of the chapter. 

Kxpt. 26. — To determine the pressure coefficient of a gas. — In order 
to determine the prcs&ure rocflicienl of a gas, it is neoo&sary to enclose 

quantity of pure dry gas at the temperature of melting ice and at a 
known pressure, P, and then to observe the increase of pressure p 
which must be apphed to the gas in order that its volume may 
remain unchanged when the temperature rises to that of boiling 
water too® if the atmospheric pressure is normal). Then the 
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pressure coefiicicnt is equal Xopfioo P. Since the pressures occur only 
in the form of a ratio, the value of the pressure coefficient will be the 
same whatever unit may be used in measuring P and piovided that 
both these quantities are measured in terms of the same unit. It 
is most convenient to measure P and p in centimetres or millimetres of 
mercury, and to arrange that P is equal to the barometric pressure. 

A piece of apparatus for measuring the pressure coefficient of a gas 
is represented in Fig. 49. A cylindrical bulb, A, of about 200 c.cSt, 
capacity is closed above with a stop- 
cock, and connected below by means of 
flexible pressure tubing with a movable 
tube, C. The slop-cock must lie lubri- 
cated with a little burnt black 01 uhite 
(not red) rubber. 

To commence an experiment, pour a 
very small quantity of mercury into C, 
so that it just forms a seal at the lower 
pait of the pressuie tube. Open the 
.stop-cock and force air (or the gas to be 
experimented with) through A after it 
has traversed a drying tube containing 
calcium chloride and soda lime. While 
the drying tube is still < onnected with 
the bulb, pour more mercury into C, 
and raise C till the mercury stands at a 
mark B in the glass tube below A. 

Next place water and plenty of ice in 
the bath surrounding A, stir well, and 
hnally close the stop-cock above A. 

A volume of pure dry air at o*’ C. and 
at atmospheric pressure has now been 
enclosed. Read the barometer, and 
thus obtain P. The cursor D should 
be adjusted unli* its lower edge just 
coincides with the .surf.ee of the mer- 
cury in the tul>e 0, and the corre- 
sponding leading on the scale at the side of C should be observed. 

Next raise the tube C until the mercury rises well within tlie bulb A j 
this is done in order that, when the temperatuie of the bath is raised, 
the air shall not be able to expand into the rubber tube which connects 
A with C. 

Remove the ice, syphon off the cold watet: from the bath, and fill the 
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latter with boiling water. Keep the water boiling by blowing steam 
through it ; when the bubbles of steam rise without collapsing, the 
water is at its boiling point. When this condition is attained? 
adjust C until the mercury stands at the mark B as before ; then, by 
the aid of the cursor D, observe the reading corresponding to the 
mercury surface in C ; subtracting from this the scale reading previously 
observed, we obtain the value of the increase of pressure 
The following corrections may be applied : — 

(a) The mercury in the tube below A, being hotter than that in the 
tube C, will be less dense. Error due to this cause may be eliminated 
by finally taking the reading of the mercury surface in C when the 
stop-cock is open and the water in the bath is boiling, and using this 
instead of the scale rearling obtained before the bath was heated. 

{b) Find the true temperature at which w'ater boils under the 
f)bserved baroinctric pressure (p. 27). 

(i) Allow for the expansion of the glass vessel. 

Let V be the (unknown) volume of the vessel at o® ; then at too® C. 
the volume will be V(i + where ^ is the coefficient of expansion 

of the glass. Thus at 100® C, the volume of the gas was V(i + loo^), 
and its pressure was F-f/. In order to reduce its volume to the initial 
value V, some slightly higher pressure P -) p* would be necessary ; and 
by Boyle’s Uw 

(P+/)V(r + ioo^) = (P+/)V, 

= V^p\ 

and f ~ I oo.^'P 4-;i>( 1 + i oojf), 

. * . True pressure coefficient 

iLv.P * loop 


Determination of the pressure coefficient of a Gas. 
— Begnanlt’s Experiments.— A bulb A, Fig. 50, was con- 
nected by means of a narrow tube BE with the wide vertical 
tube FII. This latter tube was put in connection with another 
vertical tube, JI, by means of the metal connection HI, possess- 
ing a stop-cock K, by which the interior of both tubes could be 
put in connection with the external air. The bulb A, which had 
a capacity of about 700 c.cs., was first carefully dried, and then, 
while surrounded by melting ice, was filled with the dry gas to 
be experimented on. Mercury was poured into the tube JI 
at J, till the surface stood at a in the lube FH, the surface in J I 
being on the same level, since the side tube Cp afforded a means 
of communication with the external air. The height of these 
surfaces urns read by means of a cathetometer* This jnstru- , 
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Fic. SO. — Regnault's constant volume air theimometer. (P.) 

surface coincided with the intei section of the cross wires. Any 
subsequent change of level of the mercury surfaces could be 
exactly measured by raising or lowering the telescope till the 
image of the mercury surface again coincided with the cross 
wires, and observing the vertical distance through which the 
telescope been moved. 
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The tube CP was then sealed 
off at P. A certain quantity of 
dry gas, at a temperature of 0° C., 
and at atmospheric pressure, was 
thus contained in the apparatus. 

The bulb A was then heated 
in a steam jacket, mercury being 
poured into the tube J I so as to 
always keep the surface in FH 
at its initial position a. When it 
was seen that no further addition 
of mercury was necessary, the 
height of the surface in J I, (which 
stood at V,) was read by means 
of a cathetometer (Fig. 51). 

Let ^ be the pressure co- 
efficient of the gas. Then if Vi 
denotes the initial volume of 
the gas, P being the barometric 
pressure measured in centimetres 
of mercury, and the height of y 
above a is taken as p cms., we 
ha\e 

Tv^ ^ K, 

(P ;= K(! + 100 / 3 ). 

Pt'i + 100/3). 

K (i + i ) = K(i + 100^). 


-Cathetometer, 


• ' P lOOP 
Experiments were 
also made when the 
initial pressure was 
either greater or less 
than the atmospheric 
pressure. 
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In the above reasoning we have neglected two points which 
nsust be taken into account for accurate work. 


1. The temperature of the air in the bulb A is slightly different 
from that of the air in the connecting tube BE and the top of 
the vertical tube Ea. Only a small error is introduced on this 
account, since the volume of air in A is relatively large in 
parison with that in BE and E<i, 

2, The glass bulb expands when heated. As, however, the 

expansion of glass is less than of that of the air, this 
necessitates only a relatively small correction. ^ 

Jolly's Apparatus-— Some inconvenience is occasioned 
when using Regnault’s air thermometer by the necessity of 
pouring mercury into the tube 


J I, or removing it by means 
of the stop-cock K (Fig. 50). 
In Jolly’s thermometer, these 
inconveniences arc overcome 
by connecting the tubes BD 
and EC (Fig. 52) by means 01 
a piece of indiarubber pres- 
sure tubing. The mercury 
surface can be maintained 
at B, whatever may be the 
temperature of the air in A, 
by simply raising or lowering 
the tube EC. 

The Expansion of 
Gases under Constant 
Pressure. Eegnault’s 
Apparatus. — Whenever 
the mercury surfaces in the 
tubes FH and JI, Fig. 50, 
are level with each other, 
the pressure of the air con- 
tained in A is equal to the 
atmospheric pressure. 

If the mercury surfaces are 



level when the bulb A is sur- 


rounded by melting ice, then as the air in A is heated, the 
Surface in FH will be forced downwards, whilst that in JI will 



no 
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be raised. In order to keep the surfaces level with each other, 
mercury must be drawn off from K. 

It follows that the whole of the air will no longer be contained 

by A ; part of it has expanded 
into the tube FH, and the in- 
crease of volume can therefore 
be directly observed. 

It is most important that the 
temperature of the air in FH 
should be accurately known. 
In order to accomplish this the 
two tubes containing the mer*. 
cury were entirely surrounded 
by a water bath (Fig. 53). 

Regnault considered the re* 
suits given by this apparatus to 
be less trustworthy than those 
obtained by the use of the con- 
stant volume apparatus. 

Qas Laws.— The results of 
Regnault’s experiments were as 
follows — ' 

I. All so-called permanent 
gases, such as oxygen, nitrogen, 
hydrogen, possess coefficients of 
expansion at constant pressure 
which are approximately,bu t not 
Fif-. 53.-Re9n4uU'jt constant pres exactly, mual. The mean valuo 

sure air tluimonititcr x ^ j 

(A bulbj simtUr to A, Fir. 50, was COethcient IS *003665. 

johictionat/)) (P.) 2. The coefficient of expan- 

sion of a gas at constant pressure, is approximately, hut not 
exactly, equal to its pressure coeffiaent. 

3. In the case of hydrogen, tlie coefficient of expansion at 
constant pressure is independent of the pressure. In the case 
of other gases, the coefficient of expansion increases slightly as 
the pressure is decreased. 

4. The properties of gase.s, such as sulphur dioxide and 
carbon dioxide, approach more nearly to those of p^jrfect 
gases, in proportion as their pressures axe diminished and their 
temperatures are raised. 
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Air Thenxiometerd, — Since Regnaulfs experiments estab- 
lished the validity of the reasoning employed on pp- loo and 104, 
especially as regards hydrogen, the equation to the isothermals 
of a perfect gas may be written 

pv «= RT, 

where T is the absolute temperature of the gas, 273 + C* 
Hence, using the constant volume apparatus (Fig. 50), the 
temperature of the contained air may be deterniined from an 
observation of its pressure. 

Callendar’s Compensated Constant E^essure AiP 
Thermometer.--' Since the gas thermometei is the ultimate 



Fic. 54.— Callendar'$ compenuted air thermometer. (P.) 


Standard in all temperature measurements, it is exceedingly 
important that all thermometers used in accurate research should 
be compared with it. Through neglect of this precaution much 
otherwise irreproachable experimental work has sometimes been 
rendered quite valueless. Callendar devised the form of air 
thermometer represented diagrammaticaUy in Fig. 54. The 
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thermometer bulb T is connected directly with the mercury 
tube M, alnd indiiectly, through a sulphuric acid pressure gauge 
G, with the bulb S. This latter bulb is filled with dry air and is 
constantly surrounded by melting ice. The pressure in S is 
therefore Constant, and is independent of the barometric pressure. 
T is placed in melting ice, and the level of the mercury in M is 
adjusted till the gauge G shows the pressure in T to be equal to 
that in S. The tube M having been graduated and calibrated, 
the temperature of the air in T, when it is necessary to bring 
the mercury surface in M to any other level in order to pre* 
serve equality in the pressures of the air in T and S, may be 
calculated. 

Errors due to the unknown temperature of the air in the tube 
connecting T and M, is eliminated by placing beside it a tube 
of the same dimensions, but connected with S. 

Callendar claimed that with the above form of apparatus 
a tempetature as high as 450® C. can be measured to within 
degree, and that when the dimensions of the various parts 
are properly adjusted, the results are very trustworthy. ^ 

Problem. Obtain a formula connecting the volume of the air in the 
mercury tube M of Callendar’s air thermometer with the temperature of 
the air in T. 

Let V be the volume of air at absolute temperature t in the bulb T 

(JPig. 54). 

Let Vi be the volume of air at absolute temperature fj in the tube 

connecting T and M. 

Let Va be the volume of air at absolute temperature fg in M, 

Let n be tlic number of gram*molecules of air in T, M, and the 

connecting tube, at pressure p* 

Then from the gas laws 

Hi I’)" 

Similarly if and be the volumes of air in S and the compensating 
tube, at temperatures and f*, respectively, and p' the pressure, and 
n' the number of gram-molecules. 
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Now Up ^ Vi « and «« $4 

wchave 

Further, if S and M are immersed m melting ice, f , ba f, ea> the freezing 
pomt of water. 

•’ h ’ t; 

. V Va — Va 
1 “ “ <0 



The student is recommend(‘d c arefu^y to follow the above reasomng, 
as similar methods arc often required in the solution of problems^ 


StiMMARY, 

Boyle’s Law. — Tho product of the pressure into the vdume of a 
giv on mass of a perfect gas remains constant as long as the tempera* 
tiuc of the gas is unchanged, t.e. 

pv ^ K 

or the volume varies inversely as the pressure 

^ j 
p v: . 

^ V 

The So-called Permanent Gases. — Oxygen, Hydrogen, and 
Nitrogen, closely approximate in properties to perfect gases. 

Isothermals. — cuive ropijesentmg the relation between the pres* 
sure and volume of a gas at a constant temperature is termed an 
isothermal curve. 

Coefficient of Expansion of a Gas at Constant Pressure.^ 
The increase m volume of a quantity of gas occupying a volume x c.c, 
at 0*^ C,, is equal to ^ c.c, for each successive degree of temperature. 

Absolute Zero. — If a perfect gas were cooled to — 273** C. its 
volume would theoretically be reduced to nothing. Hence — 273® C. is 
termed the absolute zero of temperature. No substance can possibly 
be cooled below the absolute zero. 
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Absolut<b Temperatures are measured £rom -* 373® C., ♦ <? , by 
adding 373 to the Centigrade temperature. 

Charles' Ciiw — 1 he volume of a given mass of gas at constant 
pressure as jproportional to its absolute temperature 
^ e V oc r 

The Equation to the Isothermais of a perfect gas may be written 
pv Rf, where T is the absolute temperature 
Pressure Coefficient n a gas is heated under such con- 
ditions that its volume remains constai#/ the ratio of the increase of 
pressure per dtgrte Centigrade to the pressure of the gas at is 
termed the coefficient of more asc of pressure, or pressure coefficient. 
The value of the pi assure coelhcienl is approximately, but not 
exactly, tqud to the coefficient of expansion of the gis at constant 
pressure 

Air Thermometers — The expansion of a gas at constant piessure 
may be used to ineasme temperature The necessary arrangement is 
termed a constant pressure air thermometer 
A measurement of the increase of pressure which occurs when a gas 
is heated under such conditions that its volume remains constant may 
also be used to measure temperature The necessary arrangement is 
termed a crfinstant volume air thermometer 
Since the thermal expansion of a gas for a given rise of temperature 
IS very great m comparison with the expansion of the containing vessel, 
an an tin rmometer is to be preferred above a mercury thermometer 
All mercury thermometers should be calibrated by comparuon with 
an air thermometer 


Questions on Chapiee V. 

(i) Describe the experiments )ou would make to prove that foi 1 gas 
at constant temperature pv is constant, p being the pressure and v the 
volume of the gas 

In a ceitain gas pv is observed to decrease slightly as the pressure 
rises Show that the resistance to compression is less than it would be 
if Boyle’s Law held 

{2) A barometer tube is filled with mercury up to wilhm one inch of 
the top Aflei inversion the atr expands and occupies I2 inches of the 
tube, and the meicury stands 27 inches m the tube above the level of 
the mercury in the trough hind the true height of the barometer. 

(3) When the height of the barometer is 76 ems , then the volume of 
a given tnass of gas at 0“ C is 50 c c s , and when the temperature »$ 
raised to 100^ C and the pressure increased by that due to 27 8 ems of 
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mercury* the volume remains unchanged ; 5nd the coefficient of change 
of pressure with temperature of the gas. 

{4) Describe the apparatus required, and explain the mode of detet- 
mining the coefficient of increase of pressure with change of temperature* 
of a mass of air occupying a constant volume. 

(5) Define a perfect gas. How would you prove the accuracy of the 

statement tluit in a perfect gas = constant where p is the pressure, 

V the volume, and T the alisolute temperature ? 

(0) Discuss the advantages and disadvantages of a constant volume air 
thermometer (ar) as a standard of temperature, {b) as a convenient means 
of measuring temperatuies. 

(7) Describe carefully the experiments you would make to show that 
at constant volume the i^ressure of a given mass of gas is proportional 
to the absolute temperature. 

(8) Describe carefully some method o( measuring very low tempera* 
tures, such as -* I20^C. 

(9) I low would you determine accurately the coefficient of expansion 
of a gas under constant pressure? A gram of air is heated from 
IS® C. to 60® C. under a pressure of 75 cms. of mercury. How much 
external work is done in the expansion ? 

Density of mercury ~ 13*6, 981 cm. per second. 

(For last part of question, sfe Chap. XIII.) 

(10) Describe the constant volume air thermometer. How would 
you use it to find the absolute rero of the air thermometer ? 

( 1 1 ) Wliy is it necessary to liave a good vacuum above the mercury in a 
barometer ? Show how the atmospheric pressure could be obtained even 
from a barometer with air above the mercury, if the level in tfie cistern 
were adjustable, and if a suitably placed thermometer were also read, 

(12) State concisely the characteristic piopcrties of permanent gases, 
and sketch an apparatus for determining their coefficient of expansion 
at constant volume. 

(13) Describe and explain the method of using some form "of air 
thermometer. 

(14) A mass of gas is warmed from I5®C. to 70® C. Calculate its 
final volume if it initially occupied 1,784 c.c.s. 

(15) Describe the air thermometer and state its special advantages 
and disadvantages. 

Explain clearly the meaning of absolute temperature on the air 
thermometer scale, 

(16) State in words, and also in symbols* the two laws which, if a 
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gws obeys, if is calleti a “ perfect gas,” and explain clearly how the 
symbols represent the same laws as the words. 

One pound of air at a temperature of o® C, , and at a pressure of 
1,033 per sq. cm. has a volume of 0*3555 cubic metres. At 

what pressure will its volume be 403,700 c.c. if measured at a tempera- 
ture of 27‘’C? 

(17) Describe a form of air thermometer, and explain what measure- 
ments you would make to determine by it the tcmparature of a vessel 
of hot water. Give a brief account of the corrections to be applied. 

Why is it better to define equal degrees of temperature by the air 
ihermometer than by the mercury in glass thermometer ? 

(1 8) Describe an experiment to verify Boyle’s Law for pressures kss 
than the atmospheric pressure. 

Some air is in the space atiove the meicury in a liaiometer, of which 
the tube is uniform. When the mercury stands at 29 inches in the tube 
the -Space above the mercury is 4 inches long. The tube is then pushed 
down into the cistern, so that the space above the mercury is only 
2 inches long, and now the niercuiy stands at 28 inches. At v^liat 
height would It stand in a jierfect barometer? 

(19) How may the coeffaient of pressure increase of a gas at constant 
tolume be determined ? 

A given volume of air is 740 ram piessuie at i/^C. What is the 
temperature when its pressure is 1, 850 mm. ? 

Practicai.. 

(1) A narrow tuVie, closed at one end, has a short (olumn of mercury 
near the other end. Investigate the elasticity of air by holding the lube 
With the open end (l) up, (2) down, and measuring the volume of air in 
each case. Specific gravity of meremy = 13*6, ^ =- 981. 

(2) Given a long nanow tube, closed at one end, introduce a short 
column of mercury, and graduate as a barometer, the readings being 
correct at o". Give a giaphical table of temperature corrections on 
section paper. 

(3) Compaie a mercury and an air thermometer. 
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CALORIMETRY—SPECinC HEATS OF SOLIDS AND LIQUIDS 

In the pievious chapters attention has been directed to som6 
of the methods available for measuring temperature, and to 
certain ( hanges which occur in the dimensions of solids, liquids, 
and gases when their tcmpeiaturcs ai^ altered. We have not 
as yet found it necessary to make any assumptions as to the 
physical conditions which dctcimine whether a body is hot or 
cold. Starting from the obset ved fact that a body may be hotter 
at one time than at another, \vq have investigated tlie con^ 
sequent changes of dimensions, and have finally arrived at a 
satisfactory method of measuring temperature in terms of the 
volume and pressuic of a quantity of gas, or, less satisfactorily^ 
in terms of the volume oci^upicd by an aibitrary quantity of 
mercury. 

Quantity of Heat.— -It now becomes necessary to make 
certain assumptions regarding the physical conditions which 
determine the temperature of a body. The necessity of these 
assumptions will be made clearer by the performance of the 
following experiment 

Ex PI. 27.— Through a coik* selected to fit into the mouth of a 
Urge test-tulie, bore a hole of such a si4e that a ihertnometer can just 
be pushed through it. Cut a small groove at the side of the cork, $0 
as to form a channel for air to escape. Partially fill the test-tube with 
water, at a temperature of alxjut 80® C., and insert the cork so that 
the thermometer bulb is immersed. 

Partially fill a beaker with water at about 15® C. Support a second 
thermometer with its bulb immersed in this water, in the manner 
$hown in Fig. 55. Write down the temperature of the water in the 
S 
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beaker, and dhen immerse the test-tube containing the warmer water 
as shown in the figure. Stir the water in the beaker by movinj 



Ftc, 55 - Apparatus tor shcMjna transference of heat from hot 
to (old ivatcr 


the test bd>c about m it Write down the temperatures indicated by 
both thermometers at the end of each minute 

U will be noticed that at the commencement of the experi- 
ment the hot nater in the test-tube cools somewhat rapidly, and 
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aftei^ a time reaches a temperature which falls very slowly. On 
the other hand the water in the beaker rises in temperature, 
rapidly at first, and then more slowly, and after a time reaches 
a temperature nearly equal to that oijthe water in the test*tube* 
Write down the common temperature thus attained. If the 
thermometers are observed subsequently, it will be found that 
both indicate falling temperatures which arc very nearly equals 
the thermometer in the test-tube indicating a slightly higher 
temperature than that of the water in the beaker. 

We now have observed the following factii : — 

1, Two quantities of water, when placed in close connection With' 
each other, tend to acquire the same final temperature. The tempera- 
ture of the hot water UUs, whilst that of the cold water rises. 

2. The fall in temperature of the hot water is not necessarily equal 
to the rise in temjieiature of the cold water. 

To explain these farts, we may assume that something has 
passed from the hoi to the cold water, and that the temperature 
changes result from this transference. It is not Umperaftire 
which has passed from one to the other, since the loss in iem*- 
perature of the hot water is not necessarily equal to the gain in 
temperature of the cold water. We therefore assume that some- 
thing else, winch we call //m/, has been transfeired. In parting 
with heat the temperature of the hot water is lowered, whilst a 
rise of temperature of the cold water results fiom the heat 
communicated to it 

It must be noticed that whereas the temperature of a body is 
directly observed, this passage of heat is only inferred. The 
value of this inference must be judged by its subsequent useful- 
ness m explaining the phenomena attending the thermal changes 
of bodies. 

We need not, at present, specify the precise nature of heat, furthi^ 
than to remark that as a body weighs no more whem hot than when cold, 
heat IS not a material substance. A belief that heat was a weightless 
fluid was at one time almost universal. The name given to it was 
Calorie, 

It was, however, found insufficient to account for many phenomena, 
The present state of our knowledge leaves little room for doubt that 
heat IS really the energy of the moving molecules of a substance. 

Hydrostatic Analogy.-— Consider two cylindrical vessels, A, B 
5$), jolued by ipeans of the horizontal tube pD, furnished wUh, 
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A Stopcock E. Let us suppose that the stopcock E is closed> atid thJtt 
water is poured into A and B. Then if the water surface in A is at a 
^higher level ton that in B, water will flow from A into B when the 
,atap<ock is opened, the transference continuing until the surfeces in the 
two vessels aije in the same horirontal plane. This transference of water 
Corresponds tP the assumed transference of heat when two bodies at 
different temperatures are placed in theimal communication. 



The difference in level of the two surfaces obviously corresponds to 
the difference of temjieraturc oi the bodies considered in the thermal 
problem. 

It will be noticed that the amount of water which passes from A to 
* B depends, not alone on the initial difference of level of the surface^ , 
but also on the sectional areas of the vessels. 

Let us determine the amount of water which will How from A into B. 

Let a 5= sectional area of A, in sq, cms., so that a decrease in height 
I cm. will correspond to a transference of a c.cs. from A into B, 

Let ^ = sectional area of B. 

„ k .-r initial difference in level of the two surfaces. 

„ ar » distance through which the surface in A falls when the stop*^ 
cock is opened. 

, *» 7 distance through which the surface in B rises. 

Then for the surfaces to be finally level, we have h — x ^ y. 

Also, since the water whidi leaves A, equal to xa c.cs., flows into b 
to y cms*, we have 
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xa^yb. 


xa 

■*=T- 


6 k 


Finally the volume of the water \ihich flows from A into B 

itbh 

s= xa = r. 

a b 


Xfa^b, then^ = r, r.^., the liquid rises as much in one vessel as 
it falls in the other. 

If a ^ 2b t then^ — 2ar, r.r., the water rises twice the distance in B 
that it falls in A. 

We might call the quantities a and b the specific Capacities of the 
vessels, per unit height. 


Expr. 28, --Take 100 grams of water in a beaker, and heat it (t) 
60® C, Pour this into a beaker containing 100 grams of cold water, 
the exact temperature of which has been noted. Determine the tem- 
peialure of the mixture when it has l>een thoroughly stirred. This will 
he found to be midway between the temperatures of the hot and cold 
waters. 

In other words, the 100 grams of hot \vater has fallen in tem- ' 
perature just as much as the 100 grams of cold water has risen in 
temperature. Compare this result with the case of two cylinders 
of equal sectional area in the h)dro,static analogy just discussed. 

Expt. 29. — Take 200 giams of water at Oo* C. and pour this into a 
beaker containing 100 grams of cold water the temperature of which 
has been previously observed. Notice that the fall in temperature of 
the hot water is now equal to Aa/f the rise of temperature of, the Cold 
water. 


Unit Quantity of Heat. — 'I'he above experiments lead 
us to conclude that two grams of water will give up twice as 
much heat as i gram when cooled through i® C. ; just as twice, 
as much water will flow from a vessel the sectional area oi 
which is equal to 2 sq. cm., as would flow from one, the 
sectional area of which is i sq. cm., if the surface of the water * 
falls through 1 cm. in both cases. 
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Het^ce 'wfe define the unit quantity of heat as that 
amotmt which must be supplied to 1 gram of water 
in order ^ raise its temperature through O- This 
^ quantity heat is called a Calorie or a 0ram**Oalorie. 

It may be remarked that it, does not necessanly follow that the 
amount of heat which will raise the temperature i gram of ^^ater from 
o® C. to I® C., will just raise the temperature of the same mass of 
water from (say) 6o® C. to 6i® C, Expenments have sho^n that the 
quantities of heat required m these two cases are slightly different* 
Hence the true ralone is defined as that quantity of heat which will 
iJ'aise the temperature of i gram of water from o® C. to i® C, For ordm* 
ary purposes, however, wo may considtr that loo raloiies are required 
to raise the temperature of i gram of water from o“ C. to loo® C. 

Anothet umt much used at tlie present time, jiarticularly in 
engineering is tlie British Thermal Umt (B.Th.U.). This 
iS the amount of heat required to raise one pound of water 
and IS expressed in pound-degrees Fahrenheit Since 
I lb* =sa 453*6 gms, and i®F. the BlhU. ijs 

453'6 X f 252 calories 

The Board of Trade has adopted the name Therm for the 
unit of heat in terms of which the heat generated by burning 
a Cubic foot of gas is measured Tht' therm is equal to 
100,000 B Th U. 

Specific Heat — ^The quaniit}” of beat, measured m 
calories, which will raise the tempeiature of i gram of a 
substance through C , is called the specific heat of that 
substance 

Strictly speaking, spec iftc heat is a raiio and may be defined 
as the ratio of the amount of heat required to raise a given 
mass of a substance tlirough to tlie amount of heat required 
to raise the same mass of watci through Being a ratio it 
does not have to be specified in units 

SiEpcrimental Deterxmnation of Specific Heat. 
Method of Mixtures.— 

^ Bxpt. 30 —Take a piece of copper possessing a mass of about 200 
grams and weigh it ; call its mass Wj. After having tied a piece of thin 
COtkm round it, so as to provide a means by which it mav be convem^ 
j^tly removed^ place it m a beaker of water which is kept bnskly boiling 
lor several minutes. 

^ Four about 40Q c*C 8 « of cold water into a thm-walted beak^ Wtncli 




VI 


CALORIMETRY 


123 

kd .9 previously weighed, and weigh both together. You can find 
the mass tWg of the water by subtraction, Place a thermometer in the 
water, and carefully note the temperature that itmdicates. Remove 
the piece of copper from the boilmg water and quickly drop it into the coH 
Water, moving it about so as to keep the water in circulation, and finally , 
read the highest temperature f,® C. which the thermometer indicates, 
Now Wi, grams of water have been heated through (f* — fj)® C* , 

If r gram of water is heated through 1® C., one calorie of heat miist 
have been supplied to it. j 

Since Wt grams of water have been heated through (#, ^ C,* 

Wg X (fg — fi) calories have been supplied to it, " 

Let s =:v the specific heat of copper, i.tf,, the number of calories of 
heat wluch i gram of copper will give up m cooling through 1° C, 

The temperature of the copper has fallen through (100 — ig)° C. during 
the exp<"riment. By definition 1 gram of copper will give up $(ioo — #g) 
calories in cociling from loo^ to fg® C. 

Therefore grams of copper will give up «Cii{roo — f^) calories under 
the same conditions. The heat give u up by the copper has been supplied 
to the water, 

Heat gamed by copper » heat lost bv water ^ 

WiS{lOO — fg) =r- tf’g(<g - fj). 

• 5 JSS — /i) 

si;,(ioo — /*)’ 

In genera], the heat gained or lost by a substance can be expressed by 

(weight of substance) X (specific heat of substance) x (rise or 
fall in degrees). 

Calorimeter. — ^The above experiment explains the general 
method employed in determining the specific heat of a sub- 
stance. The vessel used to contain the water, the temperature 
of which IS to bo raised by the introduction of the heated 
substance, is called a Calorimeter. (Hass is not a suitable 
$ubstance for the construction of a calorimeter, since its 
specific heat is high, and a large amount of beat is thus 
required to raise its temperature , whilst its thermal conduc- * 
tivity is low, thus entailing an uncertainty as to the 
perature of parts not immediately in contact with the water. 
Thin sheet copper is generally used for the construction of 
calorimeters. 

Water has the highest specific heat of all known substances, 
with the single exception of the gas hydrogen. 
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SouroQS of Error in the above Experiment*— 

j. The temperature of the boilmg wMer may not have been e^cactly 
too” C. (see Chapter VIII). 

2. A certem amount of heat will be lost by the copper during the 
Iransferentfe from tht boiUng to tht cold water. 

3 A certain amount of hot water will be carnt d on the surface of the 
copper, 

4, A certain amount of heat will be lost by radiation, or heating the 
surrounding air* whilst the cold wattr is being warmed, and by con- 
duction b\ the supports of the calorimeter 

5 No allowance has been made for the heat absorbed m raising the 
temperature of thf calorimeter and the thermometer 

NoTfe. — ^Errors due to 2 and 3 will be dinunishod bv taking a large 
mass of copper, preferably in the shape of a sphere T. he error due to 
' 4 will, however, be increased by this procedure 

Beside^ the above sourceb of error, there is the possible one 
due to imporfertions in the thermometer used Sine e we are 
concerned m such experiments as these with differences of 
^ temperature alone, this last source of error may at present be 
fteglected 

The way in which errors due to the above sources can be 
eliminated will be made clear by considering Kegnault's 
method of determining the specific heat of a solid They can 
be summarised, respectively, for the case ot an orclmary 
laboratory experiment as follow's — 

1 Ihe heating is cfiected by steam (see 3, below) which at 
760 inm pressure is at 100® C 

2 The time of exposure to air is reduced to a minimum or 
avoided altogether by the design of heatei or ariangement of 
the apparatus 

3 The substance is steam-heated in a tube or jacket and is 
not allowed to come m contact with tlie water 

4 This is compensated by the cooling correction to be 
explained in due course, and by suspending tlie calorimeter or 
, using supports of low conductivity 

5 This is corrected by taking into account the water value 
of the calorimeter 

Regnault's £xperiments.^rig 57 gives a perspective view pf 
Eegnault’s apparatus 

The feub^tance to be experimented on was supported in a small wire 
cage the whole being heated in a vessel C surrounded by a double 
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^team jacket DB. Thus the substance was not wetted. A considerabbSJ 
time (half-an-hour or more) was required for the substance to become 
uniformly heated throughout. 

The cage was suspended in C by a fine fibre G, by means of which it 
could be lowered when occasion required. 

The ealonmeter R could be run immediately beneath the steam heat^ 
C when the wooden panel P had been lifted. To avoid the com- 
munication of lieat to the calorimeter either by the boiler A or the beater 
C, the stand K was made hollow and filled with cold water. The lower 



Flo. 57 — RflgnauU’ss apparatus for determining ‘.pecihc heats (P.) 

pait ot the heating chamber C was closed with a double sbdxng shutter* 
When the latter was opened, the substance (which had been heated m 
C to a temperature indicated by tht thermometer F), was quickly 
lowered into the calorimeter, the latter being then removed and the 
panel P closed. 

In order to prevent losses due to the transference of heat from the 
ealonmeter and its contents during the interval that elapsed between 
the introduction of the heated substance and the completion of the 
expenment, the ealonmeter, which was made of thin copper, wag 
supported in another copper vessel, a narrow air space being provide^ 
between the two. 



HEAT FOR ADVANCED STUDENTS 


CHAP. 


'«6 


The rate Cooling of the calorimeter can also be diminished by de^ 
$%mng It to contain a larger quantity of water. For the amount of heat 
lost per second, for a gj\cn difference of temperature between the water 
and the vurjroundmg air, is projioruonal to the exposed surface, r , to 
the squaie of the dimensions of the calorimeter The total quantity of 
heat which has been communicated to the oalonmetei for the same 
difference of temperature is, however, pro]>ortional to the volume of the 
*' water, r ^ , to the cube of the dimensions of the calorimeter Hence 
^ the ratio of the heat lost jier second, to the total amount of heal com- 
municated by proportional quantities of the heated substance, will vary 
inversely as the linear dimensions of the calonmeiei 

Mimination of Eirore due to Cooling of Calorimeter, 
— Eumfotd*s method.— Such error as may occur when the 
above precautions are taken may be further diminished by the 
following method due to Count Rumford A prelimmaiy experi- 
ment IS perfoimed in oidei to determine the approximate use of 
tetnperaturc In pey forming: the final experiment, the initial 
teunperature of the calorimeter i% arrangtd to he approximately 
as much below the temperafme of the surromidtng air, as the 
final temperatme will be above it I bus during tlie first half of 
the interval occupied by the transference of heat to the calon« 
meter and its contents, these will bt below the temperature 
of the air, and will theieCorc absorb heat from surrounding 
bodies 

During the second half of the interval, the calorimeter and 
its contents will bo warmer than suriounding bodies, and will 
therefore communicate heat to them W ith tin* arrangement 
mdiiated abo\e, the heat gamed lu the first half will be 
approximately equal to that lost during the second half of the 
interval This t orrection is not, however, exact, for the time 
taken over the first half of the intei val is much less than over 
the second half, since the rate of rise of temperature decreases 
as temperature equilibrium is approached 

Water Equivalent of Oa-lonmeter. — ^TIic mass of water 
which would require the same quantity of heat to raise its tem- 
perature through 1 ° C as IS requited by the calorimeter for 
this purpose, as called the water equivalent of the calori- 
meter. Thus if *= mass of calorimeter when empty, ^ 
specific heat of the substance of which the caioiiineter is com- 
posed^ the amount of heat necessary to raise the temperature 
0, the ^orimcter through i*" C. « calones. This would 
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rSLise WffSo gnns* of water through i® C Therefore the water 
equivalent of the calorimeter is equal to gras* 

If this value is added to the mass of water cotitamed ih the 
calorimeter the error due to (5) above is avoided. 

The water value in grams is, therefore, numencaUy equal to 
the number of calories required to raise the calorimeter r® C. 
The water value can also be defined as the number of grains of 
water to whicli the calorimeter is thermally equivalent. The 
error due to neglect of the water value is so appreciable that 
even iJi comi>aratively rough experiments it must be taken into 
account 

hor accurate work the water equivalent of the thermometer 
and the stirrer must be found and added to tliat of th© 
calorimeter 

It must be carefully noted that, if the calorimeter contams a 
liquid other tlian water the water value of the calorimeter 
must not be added to the weight of the liquid because the latter 
has to be multiplied by its own specific heat in the course of 
the calculation, and this specific heat will not, of course, be the 
same as that of water 

To Determine the Specific Heat of a Liquid.— 

Expr 31 — Ihis dtUimmatJon may be peiformed m two ways, iis 
follows — 

I. When a mass of metal of known specific heat %s -Place 

the hquid m the weighed caloiimrter aud weigh both together Obtain 
the mass w, of the liquid b> subtraction Let be the mass, and S' 
the known specific heat of the solid providi d. 

llcat the solid either in a steam jacket, when that is provided, or m 
boiling water, as previously described Note the temperature C. of 
the liquid, and qunkly txansfci the heated solid to the calonmeter. 
Note the final U mp< ralurc C attained by the calorimeter and it$ 
contents 

Let S =» specific heat of liquid 

5 ** known specific heat of the sohd used. 

(as defined above) — the water value of the calorimeter. 

The heat gained by liquid #i) 

,, „ calonmeter — ty) 

„ lost „ M)Ud - a;iA(ioo — 

/. ^ h ) + ti) ■'» *^3.5(100 — <!> 

. • c 

* ' W.<», - y W. ■ 
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2 By allowing the liquid to impatt heat directly to waUr-^^^sA a 
weighed <3[iiautity of the liquid, eon tamed m a thm walled test tube of 
large capacity, noting its temperature by means of a Ihermomett r pushed 
iiirmigh a ]boJc in the cork closmg the mouth of the lube {^ee Fig 55). 

The test-tube is then immersed, as far as the surface of the contained 
iiqiud, m a calorimeter containing a weighed quantity of water, the 
tempt ratute of which is uidicattd by a second thermometer* 

Support the test tube by means of the thermometer {:^ce Fig 5S, 
p 1 18) and shake it gently so as to keep the contained liquid, as well as 
the water jn the ralonmcttr, in circulation. Note the fall in the tem- 
ptarature erf the liquid, ^nd the corresponding rise in the tempt rature of 
the water, after a few minutes Equate the heat lost by the liquid to 
that gauitdi by the water, and thus dtduct the value of the specific heat 
of the liquid. 

Taking the specific heat of glisr. as 2, apply a correction for the heat 
given out by the immersed part of the glass ti-st tube. 

The method of LA.pt 31 (i) can easily be adapted to findin|f 
the specific heat of a sohd whnh is soluble m water In this 
ease water could not bo used because the process of solution 

introduces heat changes of 
its own A liquid m which 
the solid does not dissolve 
must, therefore, be taken. 
The method can be illustrated 
by using turpentine to find 
tJie specific heat of common 
salt which IS insoluble m thi$ 
liquid The salt is heated m 
a dry tube and transferred to 
the turpentine The calculation is similar to that given 
above, except that S, the specific heat of the liquid, must be 
known, so that the value of s for the salt may be calculated. 
Method of Cooling. — 

Ex:rt. 32* — ^Take a flask of about 300 c cs capaaty, and fill it up to 
tlae neck with water at a temperature of about 60° C. Support this 
fiask on a frame made from cardboard, in the manner indicated in Fig, 
5$. Stir the water contmually bv means of a thermometer, and take 
^readings of the tomperatuie mdi( ated , at first, every half mtnut« , and 
^ter, whm the tophng takes place more slowly, at longer intervals, 
pbstefye the temperature of the surrounding air. Muke a table of 
md temperature of sutrounding m* 



Do 58 —Cardboard t,tind for support 
ing a calc rmw ter oi the fiahk used la 
Lxpt 33 
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Fiimlly plot your results m a diagram similar to Ftg, 59. 
measured honroUtaUy and temperature vertically. 

The connection between 
the rate at which the water 
is cooling and its mean tem- 
perature during a given in- 
terval may now be obtained. 

Let Aa, B6, be two lines 
drawn perpendicular to OX, 
through points indicating a 
dilTer< nee of two minutes of 
time Draw parallel to 


Titoe is 


of temperature in two mimitos 
when the nit an tempt lature 
of the water is c qual to 

Since Art- 44 5®C., 


m 

i 
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fiG 59 —pooling curve for water 


Bft 38® C , M(au tempt la- 

tme during two nunute int< rval -a 4X»2® C. 

2 

Draw a horizontal hue through 17® C , which was the temperature 
of th< room during the above expennu nt Then the mean difference m 
tf nipt rature betvvei ii the w att r and the room was, during the above two- 
minute interval, equal to 41 2 — 17 - 24 2® C. The fall in temperature 
Aj8 h 5®C The ratio of the fill of temperature during the two-i 
minute in tt rval, to the mt«in difference m ttmpc rature between the 
water and tlie room was therefore equal to 6 *)/34 2 -268 

Now take two other points c, rf, at a distance apart along OX in- 
dicating a two minute mlcrvai, and diaw the vertical hues Cc> Dd. Pro- 
ceeding as above, we obtain the following results. 

Mean temperature during this two minute interval » 

2 

Mean difference of temperature between the water and the room 
during the mtcival «. 25 8 — X7 8*8® C. 


I all ot temperature during this interval =« Cy ~ 3 3® C. 

/, Ratio of fall of temperature during this two-ndnute interval, to th^ 

2 3 

dilitrence of temperature between the water and the room » ^ J « -26^, 

which IS practically equal to the value previously obtained^ Repeat 
this process at iVarious points of the curves 
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The re&i&lts obtained show that the rate at which the dask 
cools IS proportional to the difference between its temp^ature 
and tbatol its surroundings. Now for each fall in temperature 
of C. a certain amount of heat has left the water, Nearly 
all of this heat has passed through the glass walls of the flask, 
having finally been directly communicated to the air, or 
radiated to surrounding objects It is almost self-evident 
that the amount of heat leaving the exterior of the flask, 
during an interval in which the temperature of the glass is on 
an average a certain number of degrees above that of the sur- 
roundings, will be independent of the nature of the contained 
liquid. 

Thus if — dH denotes the heat lost m time dl (the negative 
sign is used because heat is being lost), and 0 xs the excess 
temperatfiie of the hot body over its surroundings, then 


where is a proportionality factor depending only on the 
nature and area of the cooling surface 

Hence we arrive at Newton’s Law of Cooling : — 

The rate of loss of heat of a body is proportional to 
iShe temperature difference between the body and its 
surroundings. 

The law was discovered experimentally by Newton, and is 
true only provided the temperature <liflerence does not exceed 

about 30’ C. It should be 



particularly noted that the 
law IS concerned with Fate of 
Joss of heat, and not fall in 
temperatuie. Hence two 
liquids cooling under the same 
condiUoni> will lose heat at the 
same rate, although, of course, 
the falls in temperature in a 
given time will be different. 

Wc can now determine the 
speafic heat of a liquid by 
observing the tune occupied 
in cooling from one tempera- 
ture tp another. 
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Exi*t. 3 'j. — A. quantity o! warn wat^r is enclosed m d calontneter^ tlio 
mouth of which is closed hy a cork pierced to admit a thermometer T 
and a wtre-surrar S (see Fig* 6o), and the whole is suppoi ted on a stand 
as shown in Fig 58, placed m an enclosure, such as a tin can, the walls of 
which arc kept at a constant temperatuie by being surrounded by melting 
fee. Notice the time that is lequired for the temperature to fall from 

a certain value, /j, to anotlicr value, f*, the water being kept well stirred* 
Now leplace the water by an equal volume of the liquid of which the 
specific heat is required, and observe the time 0^ occupied ifi cooling from 
to ig, under similar c onditions. ' 

rhe hqmd and water have both possessed the same mean tem- 
perature dunng cooling, but dilfercnt tim( s will generally have elapsed^ 
I^et 0 be the exc ess temperature of the water over its sunoundmgs^ 
and let the water cool through tempt latiire do in time di, 

Then 

dHIdt km (i) 


where k is a constant depending on the area and nature of the cooling 
surface, and/(«) lepn sf nts an undefined function of 0 (i.e, no particulat 
law IS assuiiK'd) llit loss of h( at dH ^ msUO, where m ^ the mass of 
the water and a Us specific heat, 1 hen substituting for m equation 
(i) we have 


f»<tdO 

dt 


- km 


(a) 


'do 

im 


j” k jf{ 

mi rOi ao 

k )„ m 


(3) 

(1) 


where t IS the time taken bv the wat< r to cool from 0^ to 0^, Similarly 
for any other liquid ot whic h m' is the mass and the specific heat — • 


^ I 

■ *''i, 


01 do 

m 




Since this liquid is cooling under the same conditions of surface and 
cooling aiea, k — k\ and on dividing equation (4) by equation {%) we 
havi — 


- to — 

t if 




the fC(i€ of loss of heat is the same m the two cases. 

Let W be the water valu* of the calorimeter, and since the first hquid 
IS water, $ t 

W -f w w + 

A - ^ « y 
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Ftom this th^ specific heat of the second liquid can be easily calculated. 
Note that although W is the same in each case it cannot be ignored, 
^ 'Since t and r are not the same. 

If the cx^riment is conducted as previously described, a great 
part of the cooling is due to the direct communication of heat to the 
ait. Consequently air currents are set up, and these may slightly 
vitiate the rt^ults of the experiment. 


Dulong and Petit, who, as well as Regnault, tried this method, 
placed the cooling vessel in a chamber which was afterwards 
thoroughly freed from air, its walls being kept at a constant 
temperature by being surrounded with melting ice. In this 
case heat is lost only by radiation (see Chap, XXI). 


This method gives good re'^ults for the specific heats of liquids, but 
is inapphrable to solids. When a solid cools, the outer layers are 
always at a lower temperature than the inner fore. Consequently the 
conductivity of the solid greatly aftccts the time it will lake to cool 
through a given number of degrees. 

Correction for Heat lost by Radiation and Con- 
vection during Calorimetric Experiments. — The 
method employed for this purpose may be best understood 

by following a particular 



example. 

The initial temperature of 
a calonmetex and its con- 
tained water was found to be 
16-72° C., the surrounding air 
having the same' tempera- 
ture. The heated solid 
having been introduced, the 
temperature ot the w^atcr in 
the calorimeter was observed 
at the end of each ensuing 
minute. These tempera- 
tures w^ere plotted as ordui* 
^tes on squared paper, the 
corresponding times being 
abscissae. The continuous 
line curve in Fig. 61 was thus 
obtained. The rate of cool- 
ing when the solid and the 
water were at the same 
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temperature was lound by drawing the last two Crosses on 
the descending part of the curve* The corresponding fall of 
temperature was C-, and had occurred in 2^ minutes. The 
mean temperature dunng this interval was 35® C. 


/. Rate of fall of temperature, at 35® C. - 5= •4'' C. 

per minute. ^2 5 

Fig. 62 was next drawn, exhibiting the rate of fall of tem- 
perature, for any mean temperature. -4® was plotted vertically 
above 35®, and the point so obtained was joined by a straight 
line to 16-72°, the temperature of the room, at which the rate 
of cooling would be zero. 

In order to obtam a curve representing the temperature 
changes which would have occurred had no heat been lost by 
radiation, See., the following table was constructed : — 


Interval. 

Initial 

teiii]) 

Tin \\ 
temp 

Mean 

temp 

Ci>t)lmR 

during 

minute 

(from 

I ig 6? ) 

Conertinn to lie 
added to mean 
temp. 

Mean temp, 
during each 
minute H 
correction 



— 

— 


— 

- - — 

— 

1st minute 16-72'’ 

24° 

20*36 

*08 

•08 

20*44 

211(1 

24 

31*5 

2775 

•24 

oS 4 * '24 — *32 

28*07 

3 r<l .. 

31-5 

36 2 

3V85 

'37 

•32 (- -37 -- *69 ] 

34*54 

4th „ 

36-2 

37 0 

36*60 

*44 

•09 4- 44 I -13 

1*13 4 *45 =- 1 58: 

37*73 

5 tll n 

37-0 

37-0 

37*00 

'45 

3 f 5 » 

6th ,, 

57 ’0 

36-5 

36 75 

1 *44 

1-38 4 - '44 ~ 2“02 

38 79 

7 th „ 

3 t >-5 

36 1 

3 <> 30 

'43 

2 02 4 '43 = 2 45 

3S75 

8th „ 

&c. 

36 1 

357 

3 S '9 

1 '42 

1 

2-45 4 *42 ^ 2-87 

3877 


The method employed was as follows : — 


From Fig 61 it is seen that at the beginning and end of the first 
minute the tempciaturcs were 16 72 "* and 24* C. respertively, ITcnce, 

mean temperature during first minute ^ ' — 20*36, Referring 

2 



Figm of cooling of calwUnetcr, for various 
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ternperature Ss falling at the rate of *08" C. per tninuce, Hence» if nP 
cooling had taken place^ the mean temperature during the first minute 
would have been 30 *36 + *08 = 20*44“ C. 

In a similar manner the cooling during the second minute was de- 
termined. This was added to the cooling during the first minute {see 
column 6) to obtain the correction to be added to the mean temperature 
during the second minute. 

Proceeding in this way, the last column of the table was finally ob 
tained. The figures in this column represent the mean temperatures that 
would iiave obtained during successive minutes had no cooling occurred. 
It is seen that after the fifth minute the values become practically cott* 
stant ; they would have been still more nearly constant if Figs. 61 and 
62 had been drawn on a largei scale. The points representing the mean 
observed temperature during each minute were then marked with 
crosses on the observation curve, and the corrected mean teinperatiucs 
were marked off vertically over these points. 

The points so obtained were then joined by the dotted curve, which 
represents the rise in temperature which would have occurred had no 
heat been lost by radiation, &c. 

Specific Heat of Ice.— This was determined by Person 
in the following manner. A thin coj^per vessel, provided w ith a 
ihermometcr projecting into its interior, was paitially filled with 
water and then placed in a freezing mixture. The water was 
frozen, and reduced to a temperature considerably below C. 

The vessel with its contained ice was then removetj and 
placed in a calorimeter containing warm water, kept w'cll stirred. 
The temperature of the water at once began to fall, whilst the 
temperature of the i('e rose. 

If the temperature of the warm water, the mass of which was Wj, 
fell through in a certain inteiv.'il, then w/j" calories were given up. 

Assuming this heat to liave jiassed into the ire (none of whidi is 
supposed to have melted), raising its temperature through ; then if 
W2 “ mass of ice, and r = its specific heat, we have 
Heat gained by ice ( = 5 w.J^) - heat lust by water ( ~ Wj/j*) 

. •, jzr/j = 

By this means person found the specific heat of ice to be equal 
to *504. 

Methods of Calorimetry.— The chief methods ma3r be 
classified as 
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1. Method of mixtures, 

2. Method of cooling. 

3. Methods based on change of state and latent heat. 

4. Electrical methods. 

Further examples of these will be considered subsequently 
when the principles on which they depend have been discussed. . 

Speotdc Heat of Water. — The fact that the quantity of 
heat which would raise the temperature of i gram of water 
from 0° C. to C. is not exactly equal to that required to raise 
the temperature of the same mass of water from (sa}’*) 60® to 
Ox® C., was first proved by Rowland in connection with his 
determination of the meclianical equivalent of heat. He 
found that the quantity of heat nccessaay to raise the tem- 
perature of I gram of watei through i® C., decreased as the 
temperature rose from o® to 30®, and then increased as higher 
temperatures were reached. 

Very accurate results were obtained by Callendar and Barnes 
in using a stea<ly flow electrical method, in which a 

steady flow of water tlirough a glass tube is heated electrically 
by a iflatinum wire spiral; the rate of suppl>' of electrical 
energy is kept constant, and the temperature of the water, 
when thermal equihbrium is reached, is recorded with an 
accuracy of *0001® C. by means of platinum resistance 
thermometers, 

Sitice the specific heat of water varies with the temperature, 
the calorie must be defined with relerence to some definite 
temperature. The 15® C* caloric is usually adopted as 
standard, and may be defined as tlie amount of heat required 
to raise i gram of water from 14*5® to 15*5® C, The results 
found for the specific heat of water at various temperatures are 
given in the following table, corrected to this standard. 


Temperature {® C.>. 

Specific Heat, 

Temperature ('* C ). 

SpecifK Heat. 

5 

i'0047 

35 

0*9073 

xo 

1*0019 

40 

0*9973 

^5 i 

1*0000 

50 

0-9978 

20 

0*9988 

70 

1*0000 

25 

0*9980 

90 

1*0036 

30 

0*9970 

100 

1*0057 


It will be seen thnt whercai JRowland found that the 
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spfcciiic heat of water was a minimum at 30® C,* the results of 
Callendar and Barnes showed a minimum at 37*5'* C, The 
accuracy of the latter value was confirmed by Callendar's 
continuous mixture method in 1912 , in which a steady 
current of air-free water flows in turn through a heater, an 
exchanger, and a cooler, the latter and the heater being 
maintained at constant known temperatures. For thermal 
equilibrium no heat is given to the exchanger, and the heat 
lost by the hot current exactly balances that gamed by the 
cold current, tlie temperature of the water entering and 
leaving the exchanger is determined accurately 111 a manner 
similar to that of tlie previous experiment. By altering the 
mean temperature of the hot and cold streams flowing through 
the exchanger the specific heat ratio at any two temperatures 
can be found. 

Variations in the Specific Heat of a Substance-— 
The specific heat oi a substance generally varies wnth the state 
of the substance. 

I. Change of State. — As a general rule, the spcatic heat of a sub- 
stance is greatest 111 the liquid state, fusion producing in the specific 
heat of a metal only a small change, gcnerallv greatest in the case of 
metals of which the volumes are changed tonsiderably by melting. 


Spectfic Heats of SunsxANCts. 


Subvtfliice. 

Solid 

Liquid 

Ga'ioous. 

Water .... 

0 504 

I 000 

0477 

Mercury . 

V’O^Xi) 

005^3 


Bismuth . 

1 0-0298 

00 

— 

I,ead . 

0-0315 

0 0402 

— 

Bromine . 

0*084 

0 107 

0055 


’ 2. Change from Crystalline to Amorphous Condition. —The 
speufic htat of an ehment, which can exist either in an amorphoii^ or 
crystalline condition, depends as a rule on the condition in which it 
happens to be. Thus, acfordmg to Regnault, the mean speafic heat 
of carbon, betwee n 8® C. and 98® C., may have any of the following values 
according to its condition. 


Wood Charcoal. 

Gas Coal. 

Native Graphite. 

Furnace Graphite. 

lliamond* 

0*24x5 

0*2036 

0*2017 

0*1970 

0*1469 
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The specific heat of crystallised arsenic is 0*083, whilst amorphous 
arsenic has a specific heat of 0*076* Yellow phosphorus has a specihc 
heat of 0*202, whilst the red variety of the same substance lias a specific 
heat of 0*169. 

3, presence of Impurities. — The presence of impurities may 
greatly alter the specific heat of a substance. Perhaps the most re* 
markable change produced l)y mixing two sul)slances is afforded by the 
case of aqueous solutions of alcohol* The specific heat of pure ethyl 
alcohol between 16® and 30"* C. is 0*6019. On the other hand, a ten 
per cent, solution of alcohol in water has a specific heat of I *032 
between the same temperatures, whilst the specific heat of a 20 per cent, 
solution is equal to 1*046. This solution possesses a higher specific 
heat than any other liquid at a temperature less than 100“ C. 

The addition of more alcohol diminishes the specific heat of the 
mixture, which reaches a value of i *026 for a 30 per cent, solution, and 
0*981 for a 40 per cent, solution. 

4, Variation ofSpecificHeatwith Temperature.— Thequantily of 
heat required toraise the temperature of agramof a substance through 1*^0. 
increases, as a general rule, with the initial temperature of the Substance. 

Thus, according to Weber, diamond has a specific heat of ‘095 at 
o® C , *19 at 100® C., and *459 at 985® C. 

Silicon shows a similai increase of specific hc-at with temperature. 

Alcohol pvissesses a specific heat of *602 between 16® and 30® C, 
which value is incieased to 1*114 at 160® C. 

AtomicHeats.— DulongandPetit'sLaw.— If masses of 
the various elements, numerically equal to their respective atomic 
weights, be taken, it is plain that equal numbers of atoms will 
be comprised in all cases. Thus, since the ratio of the w^eight 
of an atom of aluminium to that of an atom of lead is equal 

it follows that 27 04 grams of aluminium will com- 

206*39 

prise the same number of atoms as exist in 206*39 grams of lead* 
Since the specific heat is equal to the number of therms which 
will raise the temperature of i gram of the substance through 

C., if we multiply the specific heats of the various elements by 
the corresponding atomic weights, we obtain the quantities of 
heat which will raise the temperature of masses of the various 
elements, comprising equal numbers of atoms, through i"C* 

The following table gives the atomic weights and the specific 
heats of the best known of the elements ordinarily existing in 
a solid condition, together with the products of these quanti- 
ties, constituting the akmip heai,x>t those elements, the 
heat Inquired to reise the gm.^atom through i®. 
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Ligament. 

Atomic 

Weight.* 

specific Heat.* 

Atomic 

Heat« 

Aluminium 




26*07 

■208 

5-61 

Antimony . 




121*76 

•049 

5*96 

Arsenic , 




74*93 

•078 

5-«4 

Barium ♦ 




137*36 

•068 

9-33 

Bismuth 




209*00 

•020 

6*02 

Boron . 




10*82 

1*287 at 0® 

3-10 




\ *501 at 900® 

5-42 

1 Bromine (solid) 



79*91 

•088 

7-95 

Cadmium . 




112*41 

*955 

6*31 

Cakiurn. 




40*08 

•168 

6*70 

Carbon . 




12*00 

r*ii2 at n'^ 

\ *454 at 896® 

1*34 

5*45 

Cerium . 




149-13 

•051 

7*14 

Chromium . 




5 *^* 9 ! 

•104 

5-41 

Cobalt , 




5«-04 

•103 

6*17 

Copper , 

Gold . , 




63-57 

•00 1 

5-82 




197*^0 

-030 

5-94 

Iodine . 




126*9 5 

•048 

6*17 

Iridium 




193 10 

•032 

5-91 

Iron 




55-84 

•104 

5-89 

Dead 




207*22 

•029 

6*00 

Lithium 




6-94 

•c)6o 

6-65 

Magno&mni 




24*32 

•231 1 

5-86 

Manganese . 




54*93 

•107 

5-«7 

Mercury 




200*61 

•034 ! 

6*82 

Molvd')denum 




oo 00 

*959 i 

5*66 

Nickel . . 




58 09 

■193 , 

6*04 

Osmium 




190*80 

•931 

5-91 

Palladium . 




106*70 

• 0^4 

5-76 

Phosphorus (yellow) 


31*02 

•T89 

5-86 

I’latuium . 




195 --S 3 

•032 

6*24 

Potassium . 




39-10 

*177 

6*92 

Rhodium . 




102*91 

•058 

5-96 

Selenium 




70*20 

•072 

5-79 

Silicon . 




28*06 

/ *168 at 14® 

1 *21 (average) 

I 4-71 

1 5*89 

Sliver . 




107*88 

•056 

603 

Sodium . 




22*09 

*293 

' 6-74 

Strontium . 




ti 7’63 

•955 

4*8r 

Sulphur 




32*06 

'I37 

4-38 

Tellurium . 




127-59 

•048 

6*11 

Thallium . 




204*39 

•933 

6*64 

Tin ♦ 




118*70 

‘953 

6*29 

Tungsten . 




184*00 

■032 

5-87 

Uranium 




238*14 

•028 

6*66 

Zinc . . 




65-38 

•091 

5-95 


# 


Ji^tematiooa] Union of (E ^* 00 ^^), 

Stnjt^iAOQiaa Tnbtes 
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A glance at this table is sufficient to show that the atomic 
I heats of the elements are approximately constant as long as the 
elements remain in the solid condition* Thus, taking lithium 
as the element with tlie smallest atomic weight (6-94), and 
uranium as the element with the highest atomic weight (238-14), 
we lind that the products of these atomic weights into the 
corresponding specific heats are equal to 6-65 and 6-66 respec- 
tively; numbers which are sufficiently nearly equal as 
to render it very unlikely that the agreement should be 
accidental. Hence we may conclude that Dulong and Pelifs 
taw (1819), that ‘Hhe product of the specific heat by 
the atomic weight is the same for all the elementary 
substances,*^ is very approximately; true for elements 
existing at ordinary temperatures in the solid state. The 
average value is taken as 6-4. 

With a view to determine whether the variations generally 
found in the atomic heats of the elements are due to impurities, 
Tilclen determined tlie specific heats of a number of metals 
which had been carefully purified. He found that the atomic 
heats of the pure metals were not exactly equal. (See table, 
p. J 38) . He concluded that in the neighbourhood of — 273*^ C. 
(the absolute zero) tlie atomic heat for both nickel and cobalt 
would be 4-0. 

The variations in the atomic heats of the elements are not 
to be wondered at, when we remember that the specific heat of 
a substance varies with the temperature. Thus the atomic 
heats of boron, carbon, and silicon are abnormal at ordinary 
temperatures, but approximately attain the normal value at 
high temperatures. 

Bromine and mercury are the only elements liquid at 
ordinary temperatures. Their atomic heats may be found in 
the following table : — * 


Iilrment. 

Aiouiir Weight. 

Specific Heat. 

Atomic Heat. 

Bromine . 

79*9 

O‘o8o 

0*39 

Mt-rcury . 

200-b 

•034 



The variations with temperature of the specific heats of solids 
have in recent years received a striking explanation through 
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the Quantum Theory. This theory is of immense importance 
and will be considered later in this book. 

The atomic heats of the elementary gases are seen, from the 
following table, to agree faiily amongst themselves, although 
possessing a diherent common value from that pertaining to 
solids. 


Element. 

Atomic Weight. 

Specific Heat, 

Atomic Heat. 

Chlorine . 

35-46 

0*^155 

3‘94 

Hydrogen . . 

1 1*001 

3-409^ 

3*409 

Nitrogen . 

14*01 

■2438 

3*41 

Oxygen . . . 

16*00 

•2175 

3*47 


It will be seen, when we cqmc to consider the kinetic theory ot gases, 
that a very simple explanation may be given of the approximate agree- 
ment between the atomic heats of the elements existing in the same 
state. 

Molecular Heats. — Attempts have been made to extend 
Dulong and Petit’s Law to compound bodies, the molecular 
heat being the heat capacity of the gram-molecule of 
the substance, tlxe product of the specific heat and the 
molecular weight. In 1831 Neumann showed that the 
molecular heat of compounds of similar type is approximately 
constant, but vanes lor different series of compounds. 
According to Woc.styn, the atoms in a compound preserve 
their original thermal capacities, i.e. the molecular heat of a 
compound is equal to the sum of the atomic heats of its 
constituent elements, thus it requires as much heat to raise 
the temperature of the lead combined with a due amount of 
oxygen to form lead oxide, as if the lead were free. 

In order to see how tar this gcnei'aUsatioii may be trusted, let us 
calculate the specific heat of ethyl alcohol (CaH^O). 
f feat required to raise the temperature of 2 x 1 i‘q7 grms. of carbon by 

i®C. 2 X 5*47 10*04 calories. 

Heat required to raise the temperature of 6 x x gnus, of hydrogen by 

I® C. 6 X 3 ' 4 og asa 20*454 calories. 
Heat required to raise the temperature of i x 15*96 gnus, of oxygen by 

I® C, 3*47 calories. 

According to Woestyn*s hypothesis, heat required to raise the 
temperature of (23*04 + 6 15*96) « 45*90 grms. of alcohol throu^ 

«» C* 34*864 calories. 
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Specific he$it of alcohol =» «* • 7 <>* 

^ The v^e eacpenmeotallv obtained for the <jpecific heat of alcohol 
varies between *547 at o® to "659 at thus showing a general 
agreement* 

The specific heat of carbon bisulphide vanes much less with the 
temperature than alcohol. We will therefore see how far the calcu- 
lated value of the specific heat of CS, agrees with the value determined 
from cxpenmi nt. 

^ Heat required to raise 1 1’07 gims of carbon through i*® C. = 5-47 calories 

«» „ „ 2 X 31 98 ~ 63*96 grms of sulphur 

through 1® C* ca i2»o 4 calories 

/, Heat required to raise 75 *.93 grms of CSj through i ® C.s:- 17*5 1 calories* 
Specific heat ot CS2 — *2 ^ 

The value experimentally detcrmmtd for the specific heat of CS| 
varies between *23*) at o® and at 30“ C. 

Regnault verified Woestyn's hypothesis in the case of alloys, 
the temperatures of which were tar removed from the fusmg 
point 

An Intel estmg application of Woestyn’s theory has been 
made m detc rmining the specific heat of water combined with 
salts to form hydi ates It has been found, both from theory 
and experiment to be equal to* that ol ice, thus leading to 
the conclusion that water combined with hydrates exists m 
the solid form. 


Summary. 

Quantity of Heat. — In ordti to a< count for the fart, that when a 
]hot body IS placMi la contact with a cold one, the temperature of the 
hot body falls, while that of the cold one rises, it is assumed that some- 
thing, which wc t< rm //eaf, passes from the hot to the cold body. la a 
Similar manner v itcr will flow from a vessel m which the surface is high 
to another in which the surface is lower. Difference ot temperaturfli 
corresponds to difference in the level of the surfat es, and quantity of 
heat to quantity of water transferred. 

Unit Quantity of Heat is absoibed (or given up) by one gram 
of water when its temperature is raised (or lowered) through 
This quantity of heat is called a calorie. For accurate work, the ihiiial 
temperature of the water must be o® C. 

^ Th« British Thermal Unit is the amount of heat required to raise 
jpem^ of watef through x® and is eqhal to 23a calorie^ 
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of heat weifse given out by a body which> ivhen placed in a calorimeteTf 
rawed US temperature from 15“ C to 38® C , there having been ^37 J 
grains of Water in the calorimeter, which weighed 104 gramSf and Waa 
made of a tneUl whose specihc heat was o 43, 

(13) Describe an experiment to show that the quantity of heat 
required to raise the temperature of one pound of water through any 
degree between o®C and 100® C is very nearly the same To whi^t 
sources of eiior is your experiment liable? 

(14) A copper \essel contains loo grams of water at 12® C Wlien 
56 grams of water at 30' C are added, the resulting temperature of the 
mixture is i8®C What is the water equivalent of the calorimeter? 

A calorimeter with water equivalent 12 contains lOO grams of 
watci at 12“ C When 100 grams of a metal at 100® C are added, the 
resulting tempeiature of the mixture is 20® C Find tht specific heat of 
the metal 


Prau ical 

(i) Find the specific heat of the given metal 

(i) Find by the method of cooling the specific heat of the given 
liquid 

(3) Find the amount of heat developed when water and sulphuric 
acid are mixed in the proportion of lo to i by volume 

(4) 1 * md the specifit heal of ice, given p ir ilim oil of specific heat o 5 
and a freezing mixture 

{^) Determine the specific heat of a given bodv by method of mixture 

(0) Measure the specific heat of a given solid, applying corrections 
for the malenals of the calorimeter, vVe 

(7) Compart the specific heat of tlie given liquid with that of the 
given solid 

(8) I*ind the amount of heat evolved per c ( of the mixture, when 
sulphuric acid and witer are mixed in the proportion of i to lo by 
volume 
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LATENT^ HEAT OF FUSION AND VAPORISATION 

When heat is communicated to a substance, a rise of tem- 
perature may not be the only result produced. Indeed, it is 
possible, in certain circumstances, to communicate a con- 
siderable quantity of heat to a substance without producing 
any alteration in temperature. If a beaker containing water 
and broken ice is allowed to stand until it reaches a tem- 
perature equilibrium at C. and is tlien gently heated over a 
Bunsen burner, the contents being stirred with a thennometer, 
it will be seen that the temperature does not rise above o° C, 
until the whole ol the ice has melted, The heat energy 
Supplied is being utilised in changing the state of the ice from 
solid to liquid and is said to be rendered latent. 

Expt, 31.— To fin.d the latent heat of fusion of ice. Take a weighed 
(Salonmrter and half fill it with water, at a temperature of about 30** C. 
Weigh the calorimoler and its contents, and obtaui the mass of tho 
water by subtraction. 

Take a piece of ke, possessing a mass about Jth of that of the water in 
the calorimeter, Wrap this ice in a pierc of dry flannel. By this means 
any moisture on the surface of the ice will be removed, whilst the 
formation of more moisture by the melting of the ice will be prevented, 
the flannel being a bad conductor of heat. 

Place a thermometer in the water contained in tho calorimeter, and 
note the temperature which it mdicates. Remove the ice from its 
flannel wrappings, and quickly drop it into the water in the calorimeter. 
'§tir by means of the thermometer, and note the temperature indicated 
when the ice has just molted, 

Remove the thermometer, and again weigh the calorimeter and its 
, contents. Find by subtraction the mass of ke which has been melted. 
V Now the heat gelded up by the wArm water in cooling kom its 
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iDdtid to itp final temperature may be directly calculated the mass 
and fail in temperature of the water. Similarly* the heat ab^rbed m 
raising Ibe temperature of the water derived hrom the ice, from C*, 
(the tempotature of melting ice) to the final temperature of the water m } 
the calonzfictcr, may be calculated. 

It will be found that the first mentioned quantity of heat is 
greatly in excels of the latter quantity Hence a certain quan- 
tity of heat has been absorbed, or lendered latent, duiing the 
change from the solid to the liquid state 
The Latent Heat of F^ision of a sul^tance is th0 
quantity of h^at required to convert one gram of the 
substance from the sohd to the liquid state, no 
change meanwhile occurring m its temperature. 

A foimula for obtaining the latent heat of fusion of ice fiom 
the results of the foregoing experiment may now be easily 
derived 

Let W| s= miss of waim water, initially at a temperature fi C 

1 et W2 r= m iss of ICC added 

,, /a = tempciaturc (® C ) of the contents of the calorimeter when 
the ice has just melted 

,, L 5= latent heat of tusion of ice 

Then dunng the cooling of grams of viater from fj® C. to C , a 
quintitv of hent, equal to — t^) calories, has betn given up. 

This heat his b( on uUlisi d 

1 In Converting grams of ict, at o” C , into if j grams of water aJt 
the same tempeiature The quantity of heal thus used is I 

2 In heating grams of water from o® C to // C I he quantity 
of heat necessary for this purpose is Wj. {f^ - 0) 

4 * U/J2 = (^1 “ ^2) 

In order to take account of the heat rende red up by the calorimeter, 
it IS sufficient to notice that the thermal capacity, or water equivalent, 
of the calonmeter is equal to Wgj, where 15 the mass of the calori* 
meter, and r is the specific heat of the substance of which it is composed 
fp 126). Hence the correct equation will stand as 

I K/j p ~ (wj + u/^s) (^j - ^2) 

«-s ' ' 

Calculate the value of the latent heat of fusion of ice from the result* 
of the fore^^oing experiment. 
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The cottect value of L fot ice 86 calories per gram. 

The foregoing ejqperiment will render it clear that before the 
latent heat of fusion of a substance can be detmnmed some 
other constants of the substance must be obtained. Thus, if 
we know the melting point of paraffin wax, together with its 
Specihc beat, both when m the liquid and the solid state, we 
might pour some melted paraffin wax, which had been heated 
to about 70® C., into a beaker containing cold water, stirring 
the whole, and noting the final temperature arrived at* 

Then the heat given up by the wax is as follows ; — 

T. Heat given up while the lempcralure falls fiom C. to 
the melting point. 

2. Heat given up as the liquid wax becomes solid, the tem- 
perature remaining constant. 

3. Heat given up as the solid wax cools from its melting 
point to the final temperature. 

EXPT. 35 ,— *71; (iettrmtne the meltinf* point of wax — This may l;e 
determined by dipping the bulb of a thermometer into some melted 
wax, the tempewtuie of which is some degrees above the melting 
point. When the film of solid wax at first formed has become liquefied, 
remove the thermometer, and rotating it quickly in the hand, notice the 
tempeiature indicated when a film of the opaque wax makes its appear- 
ance on the outside of the bulb. Then place the bulb in some water, 
slowly heat this, and notice the temperature when the film dis- 
appears. The mean of these two temperatures may be taken as the 
molting point of the wax. 

FfXrr. 36 — 7 > determine the ^petifu heat of liquid paraffin 
Take a large beaker, or, better still, a laigc copper calorimeter, half 
fiUatl with water at u temperature one oi two degrees al>ove the melting 
t>oint of the wax, Determine the mass and temperature ol this water* 
Take a large test tulie containing a known mass of melted paxafiin wax 
at a temperature of about 80^ C, and immeise this in the water, stirring 
bpth the wax and the water, and noting the common tempeiatme which 
both finally attain. The specific heat of the melted wax may be 
calculated in a manner similar to that previously described. 

Expt. 37. — To determine the spedfie heat of solid pataffin wax,-^ 
Cut up some sohd paraffin wax into shavings, weigh them, and leave 
them for about a quarter of an hour in a beaker with the bulb of a 
thermometer placed in their midst After taking their temperature in 
^ this manner, shoot the shavings into a beaker half full of water at about 
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45* C , and stir so as to be suie, as far as possible, that the wax and water 
attain the same final temperature Note this common temperature^ 
Th< calculation of the specific heat of the wax may now be performed 

This stage of the experiment is one of considerable difficulty, smee 
the wax is a vcr> bad conductor oi heat, and also floats on the water. 
With sufficient care, bowc\er, a tolerably accurate result may be 
obtained 

You may now obtiin the latent heat of the wax, either by the method 
already sketched out or b) phemg solid wax at i known temperature 
ih a known mass of melted wix at about 80®, carefully noting the initial 
tempentuifc of the Utter, and tlic final temperature attained by the 
mixture 

Determination of Specific Heat by Black's Ice 
Calorimeter 

Kxft I3S —Take a blj k of icc of dim nsions ab>ut 4 x 4 n 3 , 
and cut an appr iximatdy htmispiciical liollow through Us upper 
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surface (t ig 64) The surf ice of mother block of ire is smoothed so 
as foim a < :)ver ( >r this arrange ment A piece of metal is heated to 
100“ C , eithtr by placing it diicdly m boiling witer, or, lietter, m a 
Steam jatkel t ( hiptei \ f , p 124) When this is ready, dryout the 
cavUy in the icc with a towel and quickly trinskr the metil to it, imme 
j^iately aflti wards plating the itecntr m position After about five 
minutes the metal will have attuned the temperature of the icf, a 
certain amount of the litter having been converted into water at o” C 
by the heat given up duiing the proctss 
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Pour this water into a weighed evaporating basin, drying the cavtty 
by means of some weighed filter paper, and determine the mass of the 
ice which has been melted, by weighmg and subtraction. 

Let Wi = mass of metal used. 

Let s « specific heat of the metal. 

Let Wt ~ mass of k c which has been melted. 

Thus, whilst the temperature of the metal was sinking from 100® to 
o® C , s X X 100 calories were given up. 

In transforming grams of ice at ®o C into Abater at the same 
temperature, calories weie absorbed, where L, the latent heat of 
fusion of ice, 80. 

/, 100 ?ie>| — Lwia ~ 8o«e>a. 

80 4 0^. 

? X — - . 

lou 

It may be noticed that no thennomctei is 1 equiicd 111 this experiment, 
provided that wc mav assume tin heated metal to be at 100® C (or, 
more accurately, at the boiling point of water corrcspondiug to the 
atmospheric pressure at the time of the experiment) 



Latent Heat of Vaporisation of Water or Latent 
Heat of Steam. — At a pressure of 760 mm of mercury, and 
a temperature of 100 C , tvater and steam can exist in the same 
vessel. In order, however, to convert water into steam at the 
same temperature, a considerable quantity of heat must be 
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supplied* As the addition of this heat does not produce any 
change of temperature it is said to become latent. If the 
temperature of the vessel is reduced, some of the steam will be 
condensed and will give up the heat previously rendered latent, 
thus tending to maintain the vessel at its initial temperature 
of 100® C. 

The Latent Heat of Vaporisation of Water is 
defined as the quantity of heat absorbed in trans* 
forming one gram of water at its boiling point, into 
steam at the same temperature. 

Expt. $0. — To determine the latent heat of vaporisation of water . — A 
boiler, which may he conveuiently made from a clean oil-can, provided 
with a sound cork and a wide glass delivery tube (Fig. 65), is mounted 
on a tripod stand, and after being about half filled with water, is heated 
by means of a Bunsen burner. I lie glass dehvery tube is connected to 
one end of a piece of ordinary indiarubb(*r tubing ; the latter is prevented 
from losing heat by a binding of cotton wool. At the other end of the 
indiarubber tube is a water trap, shown in section in Fig. 66. This 
is made from a piece of glass tubing of about internal diameter, its 
ends being provided with corks bored to receive the glass tubes 
B and C. The tube B projects only a short distance beyond 
the lower surface of the cork, whilst the end of the tube C 
reaches above ti**' lower orifice of the tube B. Thus any 
water, which has been formed by the eondensaliou of steam 
m the indiarubber tube, will be collected, so that only dry 
steam issues from the tube C. 

A Lalonmotcr is aliout half filled with cold water, and 
the mass ot the calorimeter and its contents determined. 
It IS best initially to cool this water as far below the tem- 
perature of the room as it is intended finally to heat it 
above that temperature. The final temperature of the water 
m the calorimeter should not be higher than about 30° C., 
in order to avoid loss of hf‘at through the vaponsation of the 
water. Note the initial tempcraturci of the water. 

The lower orifice of the tube C is placed beneath the 
surface of the cold water in the calorimeter ; the steam which 

Fig. 66. condenses in the water raises the temperature of the latter. 
The water should be kept well stirred during the above 
operation. Finally, the calorimeter and its contents are 
again weighed, in order to determine the mass of steam which has 
been condensed. 
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Let w^ =s the mass of the water (or more accurately, the water 
equlvalcut of the calorimeter and its oontents) at the initial temperature 

V c. 

Let C, « the final temperature of the calorimeter and its contents. 
Let Wa -s the mass of steam condensed, detennined by subtracting 
the initial from the final mass of the calorimeter and its contents. 

Let L 3 i= the latent heat of steam. 


Then the heat given up during the conversion of grams of steam 
at 100® C. into water at the same temperature -w Ltt'a> 

Heat given up whilst grams of water are cooling from loo® to 

— Wziioo — 

Hea^ necessary to raise Wi grams of water from to C. as» 

Wiitt - tj). 

L7£’2 + WiilOO — < 2 ) - ^ 1 ) 




The main source of error in this experiment is the difficulty of pre- 
venting minute drops of water from being carried over with the steam. 
Since the latent heat of st(*aiu has a high value and the weight of steam 
condensed is comparatively small, the error due lo a small mass of 
Water being carried over would be very considerable. 


It should be noted that since, unlike in the case of specific 
heat, the latent heat of a substance is not defined with 
reference to any standard substance and is therefore not a 
ratio. Hence its value must be expressed in units, c.g, the 
value for steam is 536 calories per gram. 

Berthelot’s Apparatus for determining the Latent 
Heat of Steam. — In order to avoid the pos.sibility of partial 
condensation taking place before the steam enters the calori# 
meter, Berthelot used the arrangement shown in Fig. 67. The 
water or other liquid, of which the latent heat is required, i$ 
boiled in a glass flask heated by means of a ring burner, 
placed beneath it. The vapour formed is carried down through 
the heated liquid by way of a vertical tube T, the upper orifice of 
which is above the surface of the liquid. After leaving the flask 
the vapour traverses a spiral tube 5 immersed in water in the 
calorimeter. The liquid condensed in the tube s is collected in 
the enlargement R, which communicates with the atmosphere by 
means of the tube t The calorimeter is protected from the 
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reception of heat fron external bodies by means of a -water- 
jacket, whilst the diiert communication of heat from the ring 
burner is prevented by a slab of wood n covei^d with wire 
gauze 



The calculations to be performed, in order to determine the latent 
heat of the hmwd from the amount of the latter condensed jtn the cn^ 
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i^gement R, and the rise in temperature of the calorimeter and its 
contents, are similar to those alreatly given. 

BertheloPs determination resulted in a value for the latent heat of 
steam equal to 536*2 calories per gram. 

Begnault's Experiments.— In performing the experi- 
ments about to be described, Regnault*s object was not alone to 
determine the quantity of heat necessary to convert i gram of 
water at 100® C. into steam at the same temperature, but also U 
determine the heat that must be communicated to a gram of 
water, initially at o'^ C., in order to convert this into steam at 
some higher temperature 

Total Heat of Steam. — The total heat of steam at /° C,, 
is defined as the quantity of heat which must be com- 
municated to 1 gram of water, initially at C'C., in 
order to convert it into saturated vapour at a tem^ 
perature of / ^ C. 

In order to vary the boiling point of the water the pressure 
must be suitably modified. 

Previous to the performance of Regnault^s experiments, Watt 
had stated that the total heat of steam was independent of the 
pressure of the vapour, and therefore of the boiling point of the 
water. 

On the other hand, Creighton and Southern had proposed the 
law that the amount of heat required to convert i gram of 
water at any temperature into vaptiur at the same temperature, 
Was constant. If this law were true, the total heat of steam 
would of course increase with the elevation of the boiling point 
of the water. 

Rcgnault heated his water in a boiler which could be put in 
communication with a pressure chamber, so that the Ixiiling 
point could be varied at pleasure. The vapour fonned 
passed do'vvnward through the boiling liquid by way of a 
spiral tube, and was then conveyed to the calorimeters by a 
tube carefully jacketed so as to prevent loss of heat. Two 
calorimeters similar to that represented in Fig. 68, were 
employed, arrangements being made so that the vapour could 
be passed into cither at pleasure. The vapour entered into 
the upper copper sphere, passed down into the lower one, 
and then upwards through the copper worm. The pressure 
of the vapour w^ measured by means of an open mercury 
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manometer The water condensed in the worm or the 
upper copper sphere ran into the lower sphere and was 
drawn of! mto a flask and weighed. 

Two similar calorimeters* 



placed Side by side, were 
used, in order that a correc- 
tion might be determined for 
the indirect heating, eitht r by 
conduction along the steam 
tubes, or b\ radiation Sup- 
posing both calorimeters to 
be exactly similar, then if 
the steam is passing through 
one and not through the 
other, the former will bt 
heated by the condensation 
of the vapour as well as by 
radiation and conduction, 
the latter being heated only 
b> the latter means 

1 1 was ultimately, howc v er, 
found to be best to use the 
m< thod of correction ex- 
plained on p I SI, only one 
calonmeter being used 

In this manner, em- 
ploy mg pre ssures varying 
from ‘2 to 136 atmo- 
spheres, Regnault deter- 
mined the amount of 
hcat,^ 

Q = f + L/ 

which it uas necessary to 
supply to I gi am of water 
at 0° C , in order, firstly, 
to heat it to and then 


to convert it mto vapour at the &ame temperature He 
found that 


Q =» 606 5 4 o 305^ 
> See Note op p, r6x. 
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Consequently, since Q « / + L( where is the lateht heat 
of vaporisation of water at C., we have 

'Ll = 606*5 + 0*305^ — i 
= 6 o 6*5 — * 695 f- 

Consequently the latent heat of vaporisation decreases with 
the boiling point of water, thus disproving Creighton and 
Southern's law. Also, since Q increases with the boiling-point 
t, Watt's law was disproved. 

If wc tako i = 100® C., we find the latent heat of steam boiling under 
standard pressure to be equal to 

6 o 0*5 — *695 X 100 = 6 o 6*5 — 69*5 5= 537 calories per gram. 

When the varutjou of the spcciuc heat of water is taken mto account, 
we find the slightly smaller value 5 ^ 6*5 calories per gram. 

Similarly the latent heat of vaporisation of water at 200® C. would 
be equal to 464*3 calones per gram, whilst at a temperature equal to 


the latent heat of vaporisation of water would have zero value, 

Trouton’s Rule. — It has been found that for the comtnoni 
metallic elements, if L is the latent heat of fusion, M the atomic 
weight and T the melting point on tlie absolute scale, the ratio 
ML/T is approximately constant. This relation is known as 
Trouton's rule (1884). Similarly if M is the molecular weight 
of a substance and L its latent heat of vaporisation at normal 
boiling point T on the absolute scale, i.e. ML is the latent heat 
of vaporisation per gram molecule, then ML/T is approxi-* 
mately constant. This is a purely empirical relation since the 
boiling point of the liquid vanes with the pressure, and 
atmospheric pressure has no fundamental significance ; more-* 
over, the latent heat varies with the temperature in an 
entirely dissimilar manner. 

The Steam Calorimeter. — In Black’s calorimeter, de- 
scribed on p. 148, tlie specific heat of a substance is determined 
in terms of the latent heat of fusion of ice. The specific heat 
of a substance can also be determined in terms of the latent 
heat of vaporisation of water. 
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T^et us suppose that a piece of metal, suspended from one ^ 
end of the b^m of a balance, is carefully weighed. If now by 
any means the piece of metal could l)e surrounded by '' dry 
eteam {i,e. steam which does not carry fine particles of water 
suspended in it), heat would pass from the steam to the metal, 
and for every 536 calories so communicated, one gram of steam 
would be condensed on the metal. This condensation would 
proceed till the metal had attained the same temperature 
as the steam, when condensation would cease, unless heat 
is lost by radiation. The mass of the water produced by the 
condensation of the steam would thus increase up to a certain 
amount, and then remain practically constant. For if more 
Steam were to be condensed, the temperature of the metal would 
be raised above that of the steam, and some of the water 
previously condensed would be evaporated. On the other 
hand, none of the water already condensed could evaporate 
without entailing a fall in the temperature of the metal, which 
would immediately occasion the condensation of an amount 
of steam equivalent to that which had been given off. 

If the body is once more weighed, the mass of the water 
which has been condensed may be determined by subtraction. 

Let s= ina^s of the substi^nce, the specific heat s of which is sought. 

C. ~ the initial tenfiperature of the substance. 

,, Wg ?= mass of steam condensed. 

Then the heat which has been communicared to the substance = 
swi { 100 - /). 

The heat which has been given up whilst grams of steam at lOO® C. 
condensed to wat<*r at loo"* C. = Lre/j, where L = the latent heat of 
steam at 100“ C, ~ 536-5 calones per gram. 


/, (100 — t) - I.a/g. 

. 

*■ tt'i (too — /)* 

The method may be l^st illustrated by a description of 
Joly’s method (rSSg) of determining the specific heat of gases 
at constant volume. 

Joly’s DiflPerential Steam Calorimeter,— Specific 
Heat of a Oas at Constant Volume.— Two hollow 
spheres^ made from copper as thin as is consistent with the 
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possession of the necessary strength, are hung from the ends 
of a balance beam by means of fine platinum wires (Fig. 69). 
The spheres are enclosed by 


a chamber which can be filled 
with dry steam. They are 
so constructed that, when 
exhausted, their thermal 
capacities (or water equiva- 
lents) are exactly equal. 
Hence, if the beam of the 
balance be biou^^ht into 
equilibrium by placing 
weights on one of the pans, 
supplemented by the use 
of a rider, the equilibnum will 
be preserved when the con- 
taining vessel IS filled w'lth 
steam, since equal masses 
will be condensed on the 
two spheres. Small light 
trays aie hung under both 
spheres in Older to catch 
any drops of water which 
may fall off. 

One of the spheres is now 
filled with a gas under pres- 
sure, and the mass of this 
gas determined by adcang 
weights, d.Cjth'* \esscl sui- 
rounding the spheres being 
meanwhile filled with an 
When everything has had 
tune to acquire a constant 
temperature, this latter is 



noted by the aid of a delicate 
" low-range thermometer. 


Lit, 69.— July s diflerential steam cAlon*' 
inet« (P) (front view) 


Steam is then allowed to enter the vessel surrounding 


the spheres. Although the thermal capacity of the com- 


pressed gas is small, the diffcicnce m the mass of water 


condensed on the two spheres is quite definite, and may be 
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developed in this chapter, the present is perhaps the most fitting 
occasion to describe these experiments. 

It will 1 )C explained later (see Chap. XIII.) why a gram of 
gas should require more heat to raise its temperature through 
1° when the pressure remains constant, than when the volume i$ 
maintained invariable. It need only be remarked here, that when 
the pressure of a gas remains constant, any rise of temperature 
will be accompanied by an increase of the volume of the gas. 
It is a well-known fact that if a gas is allowed to suddenly 
expand, its temperature will be lowered, and therefore heat 
must be supplied to raise it to its initial temperature. Thus if 
a gram of gas were heated at constant volume through C., 
a certain amount of heat, termed the specific heat of the gas 
at constant volume, would be absorbed. If it were then allowed to 
evpand till its pressure reached the value it originally possessed, 
the gas would be cooled, and hence additional heat would be 
required to raise its tcmpcratuic to the value that it had before 
the expansion look place. 

In order to determine the value of the specifi heat of a gas 
under constant pressure, Regnault allowed a stream of heated 
gas to pass through a spiral tube contained in a copper \esscl 
filled with water, and observed the consequent rise in tem- 
perature of the water. 

The gas to be experimented on was stored in a reservoir V 
(Fig. 71), which was maintained at a constant temperature. 
The quantity uf gas which passed ihiough the calorimeter during 
an experiment was determined from measurements made of the 
initial and final pressures of the gas in V. 

The gas was heated whilst passing through a long spiral lube 
of coppei immersed m an oil-bath E. In order to maintain a 
steady flow of gas, its pi essure, immediately before entering this 
spiral, was indicated by a manometer M, and was maintained 
constant by opening the valve R as the pressure in V diminished. 
After having been heated to the temperature of the bath E 
(which was read by the aid of the thermometer shown), the gas 
passed directly through a spiral copper tube immersed in water 
in the calorimeter C. A water manometer, not shown in 
Fig* 71, was used in order to be sure that the pressure of the 
gas had not alteied appreciably whilst passing through the 
calorimeter. 
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In performing an experiment, the rate of rise of tempera-* 
ture of the calorimeter was ascertained just before passing the 
heated gas through it. The heated gas was then allowed to 
stream through it till the temperature had risen by a certain 
amount) which was carefully observed. The gas was then 
turned off, and the rate of diange of temperature of the calori- 
meter was again determined. The first and third observations 
were made in order to obtain data for applying a correction 
for the heat gained or lost by radiation and condudion, (See 
method explained on p. 131.) 

Note.— Prof. Callendar and others liave pointed out that RegnaultV 
determination of the Latent Heat of Steam, though far in advance of 
his time, rwpures revision when considered in the light of recent 
advances. It has been objecte<l, 

(1) That his thermometry was imperfect 

(2) The variation of the specific heat of water, between o® and 60^ 
(.See p. 1 35 ) was unknown to him. 

(3) Regnault a<lniitted that the observations below 175'C. were 
vitiated by «in escape of steam into the idle calorimeter. 

In addition, the Latent Heat of Steam should become equal to zero 
at the critical temperature (see Cb. IX.) which is 365® C., instead of 
872®, as calculated from Rcgnault’s formula. 

The latest values for the Total Heat (Q) and the Latent Heat (L) of 
steam, due to J’rof. Callendar, are gi\en m the 4th and 5th columns of 
the table on p. 4O7 at the end of this book. 

SrMMARV. 

The Latent Heat of Fusion of a substance is the quantity of 
heat required to convert one gram of the substance from the solid to 
the liquid state, no change meanwhile occurring in its lempeiature, 

The Latent Heat of Fusion of Ice may be deleimlned by placing 
a known mass of ice in a knowm mass of warm water, and observing 
the conseipient fall of temperature of the water. 

Black’s Ice Calorimeter consists of a hollow vessel of ice. The 
specific heat of a .solid can be determined bv heating it to a definite 
tem|ieiaturc, placing it in the ice calorimeter, and determining the mass 
<»f ice converted into water at o®C. 

The Latent Heat of Vaporisation ol a sunslance is equal to the 
quantity of heat required to convert one gram of the substance from 
the state of liquid to that of vapour at the same temperature. 

Tbe Total Heat of Steam at /®C. as Ute quantity of heat which 
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must be communicated to one gram of water, initially at o** C., in 
order to convert it into saturated vapour at a temperature of f C. 

Regnanlt found that the total heat of steam increased with the tem^ 
perature of vaporisation. The latent heat of steam decreases with the 
temperature of vaporisation, and would, according to Rcgnault’s 
formula, be equal to zero at 872® C. 

Joly's Steam Calorimeter. — By the aid of this instrument the 
specific heat of a solid is determined by observing the amount of steam at 
100® C. which is condensed to water at 100® C. in raising the tempera* 
ture of a known mass of the solid from some definite temperature to ioo®C* 

Specihc Heats of Gasls. 

The Specific Heat of a Gas at Constant Volume has been 
determined by Joly by the aid of his differential steam calorimeter. 

The Specific Heat of a Gas at constant pressure has been deter* 
mined by Regnault, by causing a known mass of heated gas to be cooled 
in pa&sing through a known mass of water. 

The specific heat of a gas at constant pressuie is always greater than 
the specific heat of the gas at constant volume, 

Qt'ESTlONS ON CllAPIER VII. 

(1) Explain the method of determining the latent heat of vapoiisation 
of a liquid, and describe the apjiaratus you would employ. 

(2) Water contained in a closed calorimeter is heated and the heat 
supplied is measuicd. The vapour formed is removed at such a rate 
that the temperature of the liquid remains constant. Hence, show how 
to find the latent heat of evaporation of the liquid. 

(3) How may the specific heat of a gas at constant pressure be accu* 
rately determined ? 

(4) Describe Joly’s steam calorimeter and his investigation of the 
specific heats of gases at constant volume. 

(5) Descrilie a method of finding directly by experiment the specifio 
heat of a gas at constant pressure. 

(6) Describe and explain the method of using Joly’s steam calori- 
meter. 

(7) Define latent heat. How much ice at o® C. would a kilogram of 
nteam at lOO* C, melt if the resulting water was at o® C. ? 

(h) A piece of iron weighing 16 grams is dropped at a temperature 
of 1 12*5^ C. into a cavity in a block of ice, of which it melts 2 ’5 grains. 
If the latent heat of ice is So, find the specific heat of iron. 

(9) Define what is meant by the “ latent heat ** of water, and state 
exactly how you will proceed to measure it experimentally. 
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^ (to) Define the specific hent of a gas at constant pressure and a^ 
constant volume, and descrilDe some method of measuring one of these 
quantities. Why is the first qf these quantities always greater than the 
aecond ? 

(11) What is meant by the statement that the latent heat of water 
is 80 j» 

The temperature of a pond is 8“ C. when a frecaing wind sets in. 
Describe what happens as the water parts with its heat* and assuming 
that it parts with it at a imiform rate, ct^mpare the time taken to the 
beginning of freezing with the time taken to freeze the top half-inch Of ' 
water, the total depth being 20 inches. 

(12) Define latent heat of vaporisation. 

One pound of hot water is poured into a shallow polished vessel sup- 
ported on thicc corks, and whilst 0*25 ounce is evaporating the tem- 
perature falU from 90“ to 80° C. Neglecting heat lost by radiation,^ 
convection, and conduction, calculate the latent heat of vaporisation of 
water. 

(13) Describe Regnault's methc»d of determining the specific heat of 

gas under constant pressure, and state the geneial results obtained. 

(14) Describe Joly’s steam caloiimeter and his in\estigation of the 
specific heat of gases at constant volume. 

pRAC I ICAL. 

(i) Find the latent heat of steam. 

<2) Find the latent heat of fusion of ice. 
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Fusion 

Cooling Curves. - Kxrr, 40.— Take a ihin-walled boiling tube and 
half fill it wilh distilled water. Obtain a Ihin-walled test lube, of such 
a diameter that it will just admit of a thermometer king placed in it, 
^nd fill the free si>acc siirrouiuling the thermometer bulb with merciny. 
Place the test tube and thennumeter in the boiling tube (Fig. 72), and 
then place the whole arrangement in a beaker containing a freezing 
mixture made from ice and .alt. Read the temperature indicated by 
the thermometer every half minute, and finally plot your observations, 
measuring time horizontally and temperature veitically. 

You will thus obtain a cooling curve of the general foini 
shown in Fig. 73. It will be noticed that, after falling to o'' C., 
the temperature remains constant for a considerable intoival, 
and then recommences to fall. 

The meaning of this stationary temperattire at o'^ C, may be 
easily explained, When the distilled water lias cooled to o' C , 
solidification commences. But lor every gram of water which 
solidifies, 80 calories of heat will be given up. On the other 
hand, tlie colder mixture of icc and salt is continually abstract- 
itig heat from tlie water m the test tube, The water will solidify 
at such a rate that the heat given up during solidification is 
ju$t balanced by the heat abstracted by the freezing mixture, 
ihc temperature of the freezing water meanwhile remaining 
statiemary, 

\Vhen the whole of the water has solidified, cooling will re,- 
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commence. When no further 
fall of temperature is indi- 
cated by the thermometer, 
remove the boiling tube with 
Its contained ice, and place 
It m a befikcr half 611 ed with 
water which ib kept at a 
constant tempciature of 
about 30™^ C , by heating, 
when ncces>>aiy, with a 
Bunsen burner The ther- 
mometer will now be found 
to indicate a using tempcia- 
ture till o C IS leachfd, it 
will then icmain at the lat 
ter temper itiue till all the 
ice has disappcaied, when a 
further use in temper itiue 
will take place till 30 C is 
readied 

One of the most convenient 
methods of dctci mining the 
melting point of a solid is to 
allow the mdted substance 
tOCOOl, and to dl IW a cooling l k 7* Atrin^cmmt 1 Tdetumimiijf the 
cun e from the obscu itions 

of the tcnipeiature made at short mteivah of tune Crvstallme 

substances show a wdl marked 
hon/ontal poition of this cune, 
which indicates the melting 
point Substances like paraffin 
wax, which in solidifying pass 
through an intermediate pasty 
condition, exhibit a less abrupt 
alteration in the rate of cooling 
in the ntighbouihood of the 
melting point 

When mixtures of metals are 
Tirttc melted and allowed to cook two 

Fig 73.-Cooimg curve fot water or more Stationary temperatureii 
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(Jepiessions pfoduccd by vanous subblances, thr mtamng of the term 
molecular wught must be fiimlv grasped. 

If we taltt* the mass of an atom of hydrogen as 1, then the mass 
of a molecule of hydrog<ii will be equal to 2» The mass of a mole** 
cult of water will be equal to (16 -j- 2) » 18. Similar rcasonmg may 
be apphed to other substances Irom this it follows that 2 grams of 
hydrogen will contain as many molecules as 18 grams of water. 
More generally, w< may say that masses equal to tho n spectivo mole^ 
eular weights of various substincis will contain equal numbers of 
moJ< rules 

The fret zing point d€pressiou produftd by dissoHmg one gram of 
any substance in 100 grams of water mav be obtimed experimentally 
bv the use of Beckmann’s apparatus Ibis operation has been per- 
formed for a large number of substances If the values so obtiincd are 
multiplied by the respective molecular weights of the dissohed sub- 
stance s, we obtain the dcpr< ssions produced b\ dissolving c qu il numbers 
of molecules of those substance s in t qual masse of water 1 hese values 
are termed the molecular deprt^^wu’i of ihi freezing point 

The following table gives the molccuhr depressions of the freezing 
point of w ater for a numbe r of dissolved substances J he numbers are 
taken from Ostw aid’s boluUonii 


Aqufous Soiutions 


Dissolv* cl Substauc t , 
Clasb 1 

} Molecular 

1 Dei rex um 

DiSbolv( (1 Substance, 
Chss II 

1 MoUcuhr 
Depres ion 



1 

n 

Me thyl alcohol 

17 3 

Hydrochloric acid 

39 t 

Eth>l 

17 3 

Nitnc „ 

35 8 

Glycerine 

17 I 1 

Sulphunc „ 

38 2 

Cane sugir 

185 

Caustic potash 

35 3 

Acetic acid 

19 0 

Caustic soda 

3h 2 

lartanc ,, 

19 5 

Potassium chloride 

33 6 

i Citnc , 

19 3 

Sodium chloride 

35 I 

Avcjrage mole cul 11 

I 

i 

Average molecular 


dcpiession 

1 183 

depression 

36 2 


An examination of the ibove table shows that substances soluble m 
water may be divided into two classes, according to their molecular 
bdiaviour m depressing the freezing point In the first class, of which 
cane sugar is a typical example, the molecular depression is practically 
constant, and has an average value of 18 3^0, Thus, sohUtons c&ntatmng 
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equal numbers of molecules of the various substances in Class dissolved 
in equal masses of watery will possess the same freezing points This 
important result was discovered by Raoult in 1882. 

The substances in this class, non-electrolytes, when dissolved in water* 
form electrically non-conducting or badly conducting solutions. 

The molecular depression is approximately constant for a particular 
solvent, but has different values for different solvents. 

The principle can be applied to find the approximate molecular 
weight of non-elcetrolytcs by using very dilute solutions and measuring 
the lowering of the freezing point to *001 or *01® with a very sensitive 
Beckmann thermometer. 

If M =» the required molecular weight 
K the molecular depression 

P « the weight of substance dissolved in 100 gms. of solvent ^ 

D ^ the observed depression of the freezing point 

Then M 

Solutions of the substances in the soi’ond class arc good cJcelrical 
conductors. The aviTagc molecular depression of the freezing point 
amounts to 36*2® C., very nearly double of that obtaining in the first 
class. Thus, we see that a solution comprising a given number of 
molecules of caustic soda in 100 grams of water will possess the same 
freezing point as a solution ('ompnsing double the number of molecules 
of cane sugar in io(^ grams ot walcT. 

The anomalous value of the constant for solutions of electrolytes can 
be explained on the modern theory of solution, sinc e such substances 
when dissolved in water are known to undergo electrolytic dissociation 
into ions to an extent depending on the substance and the degree of 
dilution. 

Freezing Mixtures.— We have seen that when sodium 
sulphate crystallises ciut from a supersaturated solution, a con- 
siderable rise in temperature occurs, indicating an evolution 
of heat. Conversely, heat is absorbed and the temperature 
lowered, when sodium sulphate is dissolved in water. If the 
crystals are finely powdered to start with, and are added to 
tolerably cold water, a temperature as low as — 15'" C. can be 
obtained. 

If ice and common salt are mixed, the temperature of the 
liquid produced may fall to — 2 2® C. If four parts (by weight) 
of crystalline calcium chloride are added to three parts (by 
weight) of ice, a temperature of — 55° C. can be obtained. 
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Freezing of Salt Solutions.*— Guthrie found that if a dilute solu- 
tion of salt and water is gradually cooled, a small quantity* of pure ice 
is formed at some temperature below o'^C., which varies with the 
strength of the solution. As the temperature falls, more ice separates 
out, the salt solution thus becoming more concentrated. At a certain 
point the solution becomes saturated, and the whole then crystallises 
out. Tliis always happens at — 22® C. The crystalline mass is termed 
a Cryohy 4 rate. If a saturated salt solution be taken to start with, 
crystals of cryohydratc arc deposited as it is cooled, the whole finally 
becoming solid at — 22® C. This is the limiting temperature to which 
a salt solution can be cooled without solidification occurring. As the 
success of a frecring mixture, made from a mixture of ice and salt, 
depends on the constituents dissolving, — 22® C. is the lowest tem- 
perature which can be obtained by this means. 

Change of Volume on Solidification. — ^Many sub- 
stances contract on solidification. Solid paraffin wax sinks to 
the IxDtlom of liquid paraffin wax, thus showing that its density 
is greater, and consequently that the volume* of a given mass is 
smaller in the solid tlian in tlie liquid state. 7 'hc deep de- 
pression in the surface of paraffin wax which has been allowed 
to cool in an 0])en vessel is due to t he same cause. Aluminium 
contracts to such an extent during solidification, that special 
precautions must be taken in casting with that metal, in order 
to prevent the formation of holes. On the other hand, water, 
bismuth, type metal (a mixture of lead and bismuth), and 
several other substances expand during solidification. 

The expansion of water during fretizing is answerable for the 
bursting of pipes and the occasional splitting of trees, but also 
serves tlio u.seful purpose of disintegrating hard soils. Ponds 
and lakes freeze from the surface downwards, owing to the 
facts that 4" C, is the temperature of maximum density of 
water, and that ice is less dense than water at 0“ C. 

The sharjiness of outline necessary for printing t5q^e could 
not be obtained, except for the fact that type metal in solidify- 
ing expands and tills every comer of the mould. Cast iron 
assumes a pasty condition before solidifying, expanding at the 
same time; subsequently a contraction takes place. Much 
of the perfection attainable in iron castings is due to the former 
fact. The surface of an iron casting will often exhibit a com- 
plete copy of the grain of the wood used in making the pattern. 
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Bunsen determined the expansion of water on solidifying by 
using a bulb containing a known mass of ice at o'’ C. and filled 
up with mercury to a marke<l point ; the ice was melted and 
tlie mass, and hence the volume, of mercury required to fill the 
bulb to the original mark was found. 

Bunsen found that i c.c. of water at o® C, occupied a volume 
of 1*090 c.c. when frozen. Roughly we may say that ten 
volumes of water at 0° C. occupy eleven volumes at the same 
temperature when frozen. 

Erman and Kopp's Experiments. — quantity of ice 
w'as contained in a thermometer bulb, a liquid which did not 
mix with water filling the remainder of the bulb and part of 
the stem. The apparent expansion of 
the liquid in the bulb being known, the 
volume changes undergone by the 
ice, either when cooled Ik-Iow o'’ C. or 
heated to a higher temperature, could | 
be determined. It was found that icci 
contracts whtm cooled l)elow o'' C., its 
mean co-efiicient of expansion per nun^wttiure 

degree cenligradfi being 0-000057. ir,c, TTr-Volnme dumges of 

The change in volume on melting was — ' — 

found not to take place suddenly, 

but to follow a curve, such as Fig. 77. This curve is 
not, however, drawn to scale, but is intended only to indicate 
the nature, and not the extent of the volume changes. Many 
other substances showed a similar contraction on melting. 

Force called into play by the Elxpansion of Water 
on Freezing, -When water is frozen the force called into 
play by the change of volume will burst strong metal vessels. 

Expt. 45,— Seal one end of a glass tube of about Y diameter, and 
draw the other eud out into a thick-walled capillary tube, FiU the 
vessel so formed with water in the manner detailed when the method 
of tiling a weight lUcrinometcr was described (p, 87). Allow the 
water to cool, and then seal off the capillary tube. Place the vessel in 
a wooden bowl, and surround it with a mixtun* of ice and salt. Cover 
the bowl with a duster to prevent the possibility of pieces of the glass 
being projected into the room. After a few nunutes the bursting of the 
tube will be announced by a characteristic noise. 

In a similar manner cast-iron shells can be burst. 
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Bunsesa’s loe Caloximeter*— A measurement of the 
alteration which occurs in the volume of a certain quantity of 
ice and water at o'’ C., may be used 
to determine the amount of ice which 
has been melted, and hence the quan- 
tity of heat which has been communis 
cated to the mixture. Bunsen's Ice 
Calorimeter, Fig. 78, is designed on 
these principles. 

A cylindrical test tube A is stir- 
round^ by a larger cylindrical glass 
vessel BC, the two being fused to- 
gether at B. The low('r end of BC is 
connected to a bent tube CDEF, fur- 
nished with a collar at F . 

The upper part of the vessel BC is 
filled with pure distilled water, some 
of which has been frozen into an ice 
sheath surrounding the inner test tube. Below this water, 
and filling the tube DEF, is pure mercury. A fine capillary 
tube GH, which must be accurately graduated and calibrated, 
is pushed through a cork closing the upper end of EF. The 
mercury meniscus can be brought to any point in (iH, by 
pushing the capillary tube further through the corlc, or with* 
drawing it, as the case may require. 

The water is initially introduced into BC by inverting the 
apparatus, placing the end F of the tube EF below the surface 
of boiling distilled water, and alternately healing and cooling 
BC. The water in BC is finally boiled to remove any trace of 
air. The end F of the tube EF is then placed beneath the 
surface of some pure mercury, and some of the w^ater in BC is 
boiled off. On cooling, mercury fills the lower part of BC and 
the tube EF. 

In order to freeze the ire sheath, it is best ^ to cool the whole ap- 
paratus to o*' C., and then to introduce some solid carbon dioxide into 
the inner tube. This produces intense loQal overcoohng, and conse- 
quently some ice crystals separate out. The ice sheath is then madp 
to grow to the required size by pouring ether into the tube A and blow* 

4 Mood, Ramsaw and Shields, On the Occlusion of Oxygen and Hydrogen by 
l^tinum R!adk,*’ rart 11 ., PAi/, Trans.^ vol. 190 (1897), p. 131. 
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Fig. 78 .“^Bunsen's ice 
calorimeter. 
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lag a current of air through it. These precautions are necessary, since 
ice does not commence to form until a temperature far below o'* C. has 
been attained (see p. i67)» whilst when the ice has once commenced to 
separate out, if the whole of the water in BC is at the same low tern-* 
pprature, the freezing may take place with sufficient rapidity to burst 
the vessel. 

The whole of the apparatus is then surrounded with pure 
snow; if ice shavings are used these will generally be at a 
temperature slightly below o° C.. owing to the presence of im- 
purities, so that a progressive freezing will take place in the 
water in BC. 

Errors from this cause may be avoided, as w^as suggested by 
Sir C. V. Boys, by separating the ice shavings from the walls 
of the vessel BC by means of an air jacket. 

A small amount of water or other liquid at o° C. is introduced 
into the tube A. In determining specific heats, a small 
weighed quantity of a solid is heated to any desired tempera- 
ture, and then quickly dropped into the water m A. As the 
density of water increases up to 4° C., the heated water will 
sink to the bottom of A, and communicafe its heat to the ice 
sheath, some of which will consequently be melted. The 
amount melted is determined by noticing the initial and final 
position of the meniscus in GH. 

The necessary calculations may be performed as follows : — 

From Bunsen’s c’xpcriin<‘nts, we know that 1,000 c.cs. of ice at o®C. 
form 1,000 c.cs. of water at the same temperature. Furtlier, i,noo c.cs, 
of water at o®C. will possess u mass of 1,000 grams (approximately). 
Therefore, corresponding to a decrease of volume ot (1,090 — 1,000) ss: 
00 c.cs., due to tlie melting of ice at o® C., to water at the same tempera- 
ture, an amount of heat equal to i,Doo x 80 — 80,000 calonos must 
have been commnnicated. 

Hence, finally, for a decrease of i c.c., as indicated by the motion of 
the mercury meniscus, a quantity of heat equal to =; 888^9 

calories must have been communicated. 

As an alternative the capillary tube can be graduated in 
calories by observing the contraction due to placing in A a 
small known mass of water at a known temperature ; in this 
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way the value of the latent heat of fusion of ice is not involved. 
By using a substance of known specific heat the specific 
gravity of ice and the latent heat of fusion of ice may be 
determined, Bunsen found the value 0*9167 for the specific 
gravity of ice at o® C. 

With a fine capillary tube the communication of 0*1 calorie 
may produce a motion of the mercury meniscus tlirough i milH* 
metre, so that the sensitiveness of this apparatus is sufficiently 
manifest, It is particularly suitable for the determination of 
specific heats of substances of which small quantities only can 
be produced. Thus Weber used Bunsen's ice calorimeter to 
determine the specific heat of the diamond. 

Some time and trouble are involved in setting up and pre- 
paring the apparatus, but once prepared it can be used, as 
seen, for a number of varied determinations. » Errors due 
to external heating are practically non-existent. Possible 
sources of error, howwer, are that the motion of the mercury 
in the capillar)?' tube may be jerky, and also that water is 
capable of freo^'ing into ice of slightly differing densities. 

Effect of Pressure on the Melting Point.— In the case 
of a Substance like water,* which expands on solidifymg, it Is 
obvious from general principles lliat an increase of pressure 
will tend to oppose expansion, and therefore, presumably, to 
liinder the occurrence of solidification. 

Jn other w^ords, we might expect an increase of prCvSSure to 
necessifate a low'er temperature being attiiuied before water 
would solidify, or that increased pressure would lower the 
freezing point of water. 

1 n the case of substances like paraffin wax wdiich contract on 
solidifying, we might expect an increased pressure to raise the 
melting point. 

The theoretical investigation of the extent of this variation of the 
melting point with pressure was ongmallv carried out by Professor 
James Thomson. An account of this will be found in Chap XVI E 
Wo will here consider only the experimental v(*rification of the con- 
clusions arrived at, which was undertaken by Profesbor J ames Thomson^S 
brother, the late Lord Kelvin. 

A strong glass case, provided ivith a metal cap fitted with a 
screw piston E, Fig. 79, was filled with a mixture of clean i<?6 
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nnd distilled water A sensitive sulphuric ether thermometer, 
tnclosed m a case A to protect it from the straining influence of 


nign pressures, was used to 
determine the temperatuie of 
the mixture at any moment 
A lead ring BB was used to 
keep a space clear from ice 
so that the thermometer could 
be read The pressure to 
which the ice was subjected 
was read by means of a tube 
closed at one end, and placed, 
while full of air, in an inverted 
position in the witcr 

If an incrcise of piessure 
loweis the melting point of 
It e, when the piston E is 
scitiscd down tht contimcd 
mixtuie at o C will be above 
the melting point of the ue 
Ihus a certain amount of ice 
vill melt, the nccessiry heat 
being abslri( ted hom the rest 
of the inixtuie Consequenth’ 
the temper ituie indicaUd b> 
the thermomtUi a\i 11 fall, till 
the new melting point of tht 
ice IS alt lined Similar!), when 
the pusbuic IS released the th< 
tempeiatuie 



itc yo I rJ Kelvins apparatus for 
dpUnnii irijL, ilie ili pr ssic n of the 
frec/int j. c ml of w atcr \ y pi tssure (1* ) 


ter will indicate a rise of 


1 he experiment 1 Jtsults ubtiintd by I ord Kelvin arc contained m 
the following table — 


Pressure 

observed 

tull of umper-itiue 
observed 

1 all )f Hmper'vtuie 
c Uc dated 

I^iflTerence 

8 t fttm 

0 106* h 

0 109* F 

--0003“ F 

168 „ 

0 232” F 

1 

0227 F 

4 0 DOS'* F 
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D«>war determined the depression of the melting point of ice && 
0*0072*' C. per atmosphere increase of pressure*. 

Bunsen found that paraffin wax, whiesh melted at 46*3** C. under 
atmospheric pressure, melted at 49*9® C. under a pressure of xoo 
atmospheres. 

Kegejation,— 

Expt. 46. — Take two pieces of ice and press them closely together. 
On releasing the pressure U will be found that they are frozen on to 
each other. This will occur even when the pieces of ice are pressed 
together under warm water. 

Faraday was the first to notice the peculiar property of ice de- 
termined from the above experiment. The explanation is quite 
obvious w'hen we remember that at the point where the pieces 
of ice are pressed together, the melting point of the ice will be 
lowered by the pressure, and some of the ice will melt, the 
temperature in the neighbourhood of the point meanwhile 
falling. On releasing the pressure the freezing point of the 
water will rise, and the water will solidify. 

Expt. 47 —Take a block of ice about 12" x 8" x 8", and support 
it so that it bridges across the space lietween two tables. Pass a loop 
of thin copper wire, to which is attaclied a mass of alxiut 28 lbs , over 
the block of ice. It will be found that the wire slowly cuts its way 
through the ice, without, however, dividing the block into two 
pieces. 

The explanation of this experiment is as follow*s : — The ice immedi- 
ately under the wire is subjected to a considerable prCsSSure, so that Us 
melting point is reduced and liquefaction takes place. The wire, of 
course, displaces the ivater formed, the latter solidifying as soon as it 
has reached the other side of the wire, and the pressure to which it was 
subjected is removed. 

We thus have ice melting under the wire, accompanied, of course, by 
a fall of temperature, whilst solidification is continually taking place 
above the wire accompanied by a corresponding rise of temperature- It 
is clear that if heat can be conducted from the upper to the lower side 
of the wire, the rapidity with which the latter moves will be increased, 
This explains why a copper wire, which is a good conductor of heat, 
will cut through the ice more quickly than an iron wire, which is a very 
much worse conductor. A piece of string will not cut through the ice 
at all. 

When snow is pressed in the hands, it can be convened into a solid > 
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block of ice, provided its teniperatore is not below 0* C. If the tempera^ 
ture of the snow were - i® C., a pressure of 143 atmospheres would be 
required to liquefy it* Consequently, in keenly frosty weather snow* 
balls cannot be made, though the pressure of the wheels of a heavy ciirt 
may leave lines of ice along the road. 

Snow or powdered ice, enclosed in a suitable vessel, may be con- 
verted into a mass of clear transparent ice by the application of 
pressure. 

Skating. — Professor Joly^ has pointed out that to the above pheno- 
mena, depending on the lowering of the melting point of ice by pressure^ 
may be added those attending skating, t.e , the freedom of motion and, 
to a great extent, the “ biting ” of the skate. 
t The pressure under the edge of a skate is very great. The blade 
touches for a short length of the hog-back Curve, and, in the case of 
smooth ice, along a line of indelinite thinness, so that until the skate 
has penetrated some distance into the ice the pressure obtaining is great ; 
in the first instance, theoretically infinite. But this pressure involves 
the liquefaction, to wme extent^ of the ice l>eneath the skate, and pene- 
tration or “bite” follows as a matter of course. As the blade sinks, 
an area is reached at which the pressure is inoperative, i.e.y inadequate 
to reduce the melting point below the temperature of the surroundings. 
Thus, estimating the pressure for that position of the edge when the 
bearing area has become ^ of a square inch, and assuming the weight 
of the skater as 140 lbs., and also that no other forces act to urge the 
blade, wc find a pressure of 7,000 lbs. to the square inch, or 466 atmo- 
spheies, sufiicient to ensure the melting of the ice at -3 ’ 5 ® C. With 
very cold ice, the pressure will rapidly atlain the inoperative intensity, 
so that it will be found difficult to obtain *‘bite”-“a state of things 
skaters arc familiar with. But it would appear that some penetration 
must ensue. On very cold ice, ** hollow-ground ” skates will have the 
advantage. 

This explanation of the phenomena attending skating assumes that 
the skater, in fact, glides about on a narrow film of water, the solid 
taming to water wherever the pressure is most intense, and this water, 
continually forming under the skate, resuming the solid form when re- 
lieved of pressure. 

Formation of Qlfiwiera.—Snow accumulates 10 great 
depths at points above the snow line, so that the lower layers, 
which are subjected to great pressures due to the super- 
meumbent masses, are melted and squeezed out, solidification 

* A'kiliWV, March 93, 1899. Pros. DuHin Sodeiyp vol. v. p. 433, 1886* 
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taking place as soort as the water formed has escaped. Thus, 
in high mountains we have huge streams of ice continually 
supplied from the snow above the snow line. 

Motion of Glaciers. — Glaciers are found to move down 
the side$ of mountains, the upper layers moving faster than the 
lower ones, and the centre more quickly than the sides. Three 
main theories have been proposed to account for this motion. 

1. The action of gravity ^m* 11 of course produce gicat pressures in 

certain parts of the ice, and at these points liquefaction will occur, 
solidification taking place when the motion of the ice has relieved the 
Strain. According to this view, which was strongly advocated by the 
late Professor Tyndall, the motion of a glacier is entirely due to the 
liquefaction of the ice at points subjected to great stresses, h'lssures 
may in extreme cases be formed, but these will once mi>rc become 
fio/en up if the sides arc pressed together . Sometimes two tributary 
glaciers meet each other at some point m their courses, and proceed 
afterwards as a single glacier, both becoming fr()7fcn together, a track of 
stones and alone maikinglhe line of separation of tht two streams 

of ice. 

2. According to Professor Forbes, we must consider ice to partake 
somewhat of the piojierties of a plastic solid. Fvery' one has seen 
candles which hxse lietomc considerably l)ent under their own weight, 
especially in warm weather, although melting has not occtined. Sticks 
of scaling wax will bend in a similar manner. A long bai of i($ when 
supported at its ends and weighted near its centre will also bccvime bent. 
According to Proftssor Forbes, the motion of a glacier differs only m 
degree from that of a sticam of tieaclc running down an incline. 

3. Canon Moseley attribute's glai itr motion to teinjieratuie vaiialions. 
Thus, when ic c below o' C. is heated, it expands ; it will naturally 
expand so that its lowest part moves downwards, since an upward 
motion would necessitate the lifting of great masses of u c in opp<;sition 
to the force of gravity. On the other hand, wlien cooling takes place, 
a contraction will occur, and the higher poitioris c^f the glacier will be 
pulled downwards. Thus a glacier gradually ciecps downwards, just 
as sheets of lead on slanting roofs have been obseived to do. The upper 
surface of the glacier being heated mc^st, will move the fastest. 

According to Koch and Klocke, glacieis move steadily downwards 
during the afternoon, a slight backward motion occurring at night. In 
the morning hours the motion is irregulai. 

There seems little reason to sup|X)sc that the actions contemplated in 
the above three theories do not take place simultaneously. The extent 
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to vtrhich wiy one cause is operative will of course vary for different 
glaciers, and even for different parts of the same glacier Thus, cases 
are known where a glacier falls over a precipice ; the ice breaks 
away al>ove and recombines below Here regelation is unquestionably 
the chief agent On the other hand, the motions observed by Koch and 
Klocke can haidly result from anything but temperature changes. 

EVAPOkATJON 

j^vaporation — It may here be worth nhile to anticipate to 
a small extent the pimciples detailed m the chapter devoted to 
the kinetic theory (Chap XIII) Chemists have shovmi that we 
must consider all material substances to consist of molecules^ 
each of whuh may comprise a number of atoms According to 
the kinetic theory, these molecules are in rapid motion among 
themselves In a solid it is probable that the molecules vibrate 
about a constant mean position In liquids a molecule ran 
move fiom any one position to any other, being hindered only 
by the frequent collisions with other molecules which occur In 
a gas, the molec ules being much more sparsely scattered, fewei 
collisions occui, and consequently a molecule will move from 
one position to anothet in much less time 

In the case of a liquid, the molecules are so close to each 
othei that considerable forces are exeited between them A 
molecule m the middle of a quantity of liquid will on the 
average be pulled m all directions simultaneously to about an 
equal extent When, however, a molecule is situated near the 
surface of a liquid, the numbei of molecules pulling it back into 
the liquid will exceed those pulling it toward the surface Con- 
sequently the surface of a liquid will be drawn inwards, and wiU 
for this reason act somewhat like an elastic membrane. This 
accounts for the fact that a drop of water can hang on the 
under side of a horirontal plate of glass without falling to the 
earth 

This straining action exeited on the surface of a liquid, and 
tending to reduce its area, is termed the surface temion of the 
liquid 

It has been found possible to explain the greater number Oi 
the phenomena connected with heat, by supposing that the 
molecules of a body are m more violent agitation when the body 
is hot than when it is cold. Indeed, the heeU conumed by a ^ 
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body js Considered to be merely the kinetic energy of its con- 
stituent molecules 

We are at liberty to consider that in a liquid at a constant 
temperature, a molecule may be moving with greater velocity at 
one moment than at another^ and therefore, that at any instant 
some molecules are moving moie rapidly than the rest. A mole- 
cule mov*mg with great velocity might escape fiom the surface of 
a liquid, even though the gi eater number of molecules near it 
were pulled back into the liquid as pieviously described. If the 
temperature of the liquid is high enough, mo‘'t of the molecules 
near the surface can readily escape , the liquid is then at its 
boiling point, and evaporation takes place freely But evapora- 
tion may take place at much lower temperatures, as is pioved 
by the fact that in countnes where snow lies long on the giound, 
the whole of a fall of snow may gradually disappear without 
the temperature rising above o C In this and similar cases 
the molecules which escape are those possessing at the instant 
the greatest veloc itv perpendicular to the surface 

Vapour — The molecules which hue escaped fiom the 
surface of the liquid, thenceforth exist m a state somewhat 
similar to that pertaining to the molecules of a gas When, 
however, a substance can exist m a gas like and liquid slate at 
the same lemperatuie, the term vapour is applied to the 
aggregate of the molecules in the fiee or gas like condition I he 
distinction between vapours and gases will be fuithcr dealt with 
in the next chapter 

If evaporation takes place into a closed space, some of the 
molecules of the vapour, after wandering about for a time, will 
strike on the surface of the liquid, and be again diawn into it 
Other molecules will, however, be escaping, and it is clear that 
after a certain time a state of equilibrium will be reached, in 
which as many molecules return to the liquid m a second as 
leave it in that time Ihe vapour is then said to be m a 
mturated condition 

When, however, a saucer full of water is placed m an open 
room, the vapour which leaves the suiface of the water is hardly 
likely to return to it If the air in the room is not saturated 
With water vapoui, more molecules will leave the water than re- 
turn to It from the atmosphere In this case evaporation wiU 
^ continue tiU the water has disappeared* 
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Mist« — Some vapours, such as those of lodme and bromine, 
as well as the gas chlonne, are coloured , but the vapour of a 
colourless liquid is generally transparent* Thus, steam is 
transparent, as may be seen by examining the space above 
boiling water in a glass dask Steam is, m fact, mvisible but 
when steam is condensed into a number of very small drops of 
water, a cloud or mist is formed It is really a mist, or a 
collection of finely divided water drops, that is seen issuing 
from the spout of a kettle The condensation of steam or 
vapour of water into mist has been found by Aitken to depend 
on the presence of fine particles of dust in the atmosphere. 
More recently, C T R. W ilson has found that a ray of ultra- 
violet light will condense saturated water vapour to mist* 

Cold produced by Evaporation —Since the molecules 
which lea\e a liquid dunng evaporation are moving with more * 
thdji the A\eriige vclorit> of the remaining molecules, the energy 
of the latter will decrease with e\ei> molecule that escapes In 
other words, the w itei left m the saucer will become continually 
colder, unless heat is communicated from external sources 

Exit 4^ — Pi ice some water m a shallow dhh, and support this 
above a larger dish containing stiong sulphuric acid, the whoU being 
placed under the receiver of in air pump On < xhausting the receiver, 
evaporation will take place rapidly from the water, the vapour being 
continuously absorbed by the sulphuric ai id When the pressure has 
been sufficiently reduced the water will commence to boil, losing heat 
so rapidly thereby that the remainder shortly afterwards becomes 
froren 

Expr 49 — Place some ether ma beiker, and stand this on a piece of 
wood on which a jxiol of water has been (ollected Blow air through a 
glass tube, the end of which dips below the surface of the ether By 
this means rapid evapoia 
tion of the ether is facili 
tated The cold produced 
will freeze the water 
below the beaker 

Wollaston's Ory- 

OphorUB.*— This is a Fio So - WoUaston $ cryophorus 

piece of apparatus 

consisting of two bulbs (Fig 80) connected by a tube One 
of the bulbs B, is rather less than half full of water, the 
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remainder of the space enclosed in the apparatus being freed 
from air. If the bulb A be placed in a mixture of ice and salt^ 
,the extreme cold will condense the vapour contained in it. 
More vapour will leave the water in the other bulb, to be con- 
densed in its turn. The cold produced by the continual 
evaporation will finally freeze the remaining water in B. If 
B were more than full the lower part of the bulb 
would be liable to be split off by the force of expansion on 
solidification. 

0arrd*8 Freezing Machine — ^This is constructed so that 
the space above the water contained in a flask C (Fig. 81) can 



Fio 81. Cairi’s freezing machine. 


be exhausted of an by a pump A, whilst the aqueous vapour 
which is given off is absorbed in a vessel B, containing strong 
sulphuric acid. The walls of the vessel are made of an alloy of 
antimony and tin which is not attacked by the acid. 

In another form of freezing apparatus, also invented by Carre, an 
aqueous solution of ammonia 2$ 6rst heated to about 1 30’’ C. in a strong 
iron vessel A, Fig. 82, the ammonia which is expelled being condensed 
in the space between the double walls of the vessel D, which is sur* 
rounded with water. When sufficient ammonia hot been distilled over 
in this jnaanner, the vessel A is cooled by being swmnded with water. 
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Thi, evaporates from the vessel D, which consequently faUSi 

in temperature, water which has been previously placed in B, the central 
compartment of D, being thereby irozf n 

In the large towns of the southern states of North \merica, #tere ice 
^ almost a necessity of daily use, pip< s supplying liquid ammonia, ancf 
others through which the vapour can rttum to a central cooling 
apparatus, art laid on to the houses. 

At indoor skating rmkb, ict is produced throughout the year^ by 
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erasing strong brim which has been cooled in an apparatus sinulai 
to that just dt scribed, to cirrulati through pipes which traverse £ 
shallow basin imtially hlltd with water. 


EhUirnioN ok Boiiing 

Expr ^o— lake a flask containing about 50 c cs , clean it with 
strong sulphuric acid, and then half fill it with water, and place it on 
a sand bath alxive a Bunsen burner Note the changes which take 
place in the watt r m the flask They will be somewhat as follows 
I Small bubbles will be formed on the inside of the walls of the 
flrsk, growing larger by degrees, and finally ascending to the surface 
of the water These are bubbles of air dnien out of solution by 
heating. 
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2 Bulilbtes will commence to form, probably at <»oine particular point 
of the bottom of the 6aslc, and will rise towards the surface of the water, 
collapsing with sharp clicks before rtaclimg it. These arc bubbles of 
steam eoo<^enstd by the water which has not e\erywhere reached the 
foiling point 

S. After a time the bubbles cease to collapse m the water, but burst 
on the surface The water is now boihng, or is m a state of ebullition. 

Continue the heating for some time. It may happen that the bubbled 
no longer stream off from a particular point, but that ebullition occa- 
sionally ctasts for several seconds, a large volumt of steam being then 
suddenly formed, which thiows the water viokntly upward and may 
fracture the vessel This pheuomuion is termed bumping Place a 
thermomebr so that its bulb dips into the liquid. Notice the tempera- 
ture indicated When the wahr is boilmg by bumping Then lower a 
small fragment of cokf or broken flower pot attached to a piece of 
cotton, mlo the water Notic c that bubble of steam ate it once given 
off from this piece ot coke oi porous cailhcuwarc, and thit bumping 
ceases Ye»ur thermnnic ter will probabh indicate that the temperature 
of the water has fallen 

In the case of a hquici to winch heat is continuously com- 
municated, m order that a stationary tenipeiature (termed the 
boiling pom! ol the liquid} should be attaint d, heat must, as 
fast as it IS communieatcd be absoibed or rendcied latent m 
the t on version of the liquid into vapour When no bubbles of 
vapour aie formed m the interior of thf liquid, vaporisation 
can take place only at the free surface The temperature of 
the mam bulk of the liquid may therefore rise t oiii^iderably 
above its boiling-point 

The boilmg point of a liquid is the temperature at which ils> 
Vapour pressure becomes equal to the external piesbure, and 
honce has a definite value foi any partiuilai external pressure. 

The ( xplanation of the ac tion of an air bubble or dust particle m 
producing uniform boilmg is that it supplies a nucleus for the formation 
of molecules of steam or vapour as they uiutc to form a bubble. 

^ According to this thcor>, the moli rules of the liquid escape into the 
small volume ot air just as those near the free surface escape into the 
atmosphere. Tomhnson has shown, however, that a fine wire gauze 
cage filled with air could be lowered into superhvated wattr without 
ebullition occurring. On the other hand, water, which was heated 
above Its normal boikng point, was thiown into violent ebulUtion when 
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its sutfatc was touched hy a slip of paper, a piece of wire, or the end of 
a glass rod* When a glass rod was entirely immersed in it, steam was 
at first given off from the whole of its surface, but after a time only a 
couple of minute specks in the glass remained active. A piece of flint 1 
immersed in the liquid was active over its entire surface* but on bein^ 
broken in two no steam was given off from the freshly formed surfaces* 
'a rat^tailcd file, which at first was extremely active in promoting 
ebullition, was rendered inactive by being heated in a spirit lamp and ^ 
cooled in the vapour above the liquid. 

The conclusion arrived at by Tomlinson was* that the aotiidty of a 
surface in promoting ebullition is proportional to its want of chemical 
cleanness. Thus, the freshly formed surfaces of the broken flint were*' 
chemically clean, whilst those which had been for a long time in con^ 
tact with the almosphero were chemically dirty. This explanation, 
ivhcn carefully ronsidcrccl, is not quite as definite as it appears at first 
sight. Chemically, dirt is matter in the wrong place, 1.^., matter where 
we don’t want it. According to Tomlinson, a rod of metal with a 
clean surface would be inactive in producing ebullition; on the other 
hand, p trace of that metal obtained by rubbing the rod on the clean 
surface of a broken flint would constitute chemical dirt, and ought to 
promote ebullition. Smoothness is only a relative* term, it is known 
that substances like glass occlude gas in the in'cgularities of their 
surface, Perhaps it is this layer which is active m promoting 
ebullition. 

If a glass of fn'sh soda-water be examined, it will be found that 
bubbles of gas are given off from small points on the* surlac e of the glass. 
A piece of porous earthenware, or a lump of sugar, will be found to 
promote the evolution of the gas. 

The laws of elmllition may be summarised thus : — 

1. Boiling takes place in a liquid at the temperature for 
which the maximum pressure of the vapour is equal to the 
external pressure. 

2. The temperature of ebullition for a constant pressure 
remains constant throughout the process, and has a charac* 
teristic value for each liquid. 

3. During boiling heat is rendered latent. 

The theory of ebullition can now be more fully considered. 
Let V be the initial volume of an air bubble under hydrostatic 
pressure p in the liquid, p being determined by the depth of the 
bubble in the liquid. If d represents the pressure due to a * 
column of liquid of height then p ^ h + where A is the 
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external atmospliorlc pressure Evaporation takes place 
from the wails of the bubble into the air contained therein, 
until a vapour pressure / is reached, equal to the maximum 
vapour pressure corresponding to that particular temperature 
of the liquid Then for the same position of the bubble 
p sss A ‘f (f M $, the pressure of the air in the bubble is now 
(3^ /) Let V* be the new volume of the bubble, then by 

]^yle’s Law 

vp - v'{p —f) te v’ == 

Hence when /> — /=< o, when p = f v' tends to become 
infinitely groat This shows lhat when the temperature at 
any point in the liquid is such that the maximum vapour 
pressure is equal to the hvdrostatic pressure at that point, the 
air bubble tends to assume an mhnite volume giving rise to an 
infinite numbei ol saturated bubbles of vapour esc aping at the 
surface, the phenomenon being termed boiling 

Experimental Determmation of Boiling Pomts,- 
From what has pre\ lously been said, jl appears that the tem- 
peratum of a liquid nia>, m certain ciicumstances, use con- 
siderably above Us normal boiling point Consequently it is 
only in deteimming the boiling points of solutions thit the thcr 
momtter is placeci in the liquid, and some arrangement must 
then be made to promote free ebullition 

The usual method of detetminmg the botlmg point of a pure 
liquid IS to plate the bulb of the theunomettr in the vapour 
given off during ebullition The spate containing the theimo- 
meter should be jacketed in the manner destiibed in connection 
with the determination of the boiling point of a thermometer 
(p 

The actual temperatuie of the vapoin above a boiling sold* 
tic^n is generally slight!) louer than the temperatuie of the 
solution Ihus above a salt solution, the tempciatuie of which 
1$ uo®C, the steam miy leach a tempeiature, sa), of 105® C 
A thermometer pi iced m this steam will, however, indicate a 
temperature of icx)"' C The reason of this is, that the steam 
condenses to pure water on the bulb and stem of the thermo*" 
meter, and as this water has a large surface, any fuither heat 
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coittmuniCitted will pause part of the water to evaporate without 
a rise of temperature occurring. 

On the other hand, if the temperature of the thermometer 
falls below loo'’ C., steam will be condensed on it, and the 
temperature will be raised by the latent heat rendered up. 

In order to provide a larger surface for evaporation, the bulb 
(of the thermometer is often sunounded loosely with cottonwool. 

Determination of the Boiling Point of a Solution^ 
--As pointed out above, a thermometer when placed in the 
steam given off from a boiling aqueous solution of a salt, will 
indicate the boiling point of the water, and not that of the 
solution. A similar law applies to solutions in general. 

In order to determine the boiling point of a solution, the 
tlieimometer bulb must be completely immersed. Special pre- 
cautions must be taken to prevent the occurrence of boiling by 
bumping, and the ( onsequent rise of temperature of the solution 
above its boiling point. 

Beckmann’s Boiling Point Apparatus. — Fig. 83 represents 
dUgrammatically the essential points of Beckmann^s apparatus for de* 
termmmg the boiling ]ioints of solutions A test tube A, piovided with 
a side inlet tube B, is used to contain the solution. A piece of platinum 
'*Vvire P, IS fused through the Ixittom of the test tube, and a number of 
glass licads, (i, are also contained by it. The beads and platinum wire 
serve to promote fiee ebullition. The bulb ot a sensitive theimometeiBi 
T, similar to that described on p. 15, dips into the solution. A spiral 
glass tube, ser\es to condense the \aj>oiir given otf ; the condensed 
liquid runs back into the solution, so that the strength of the latter 1$ 
ixiamlained constant. 

The test tube containing the solution is surrounded by a glass vessel 
C, provided with douVde walls, forming a \apoui jacket. A liquid, 
possessing a Ixuling point slightly higher than that of the solution in A, 
is placed m C ; some pieces of poious earthenware, P, serve to promote 
free ebullition, whilst the condensing spiral K^, prevents loss of the 
liquid. 

The whole of the above arrangement is mounted on a stand made 
from asbestos mill-lKiard. Two pointed Bunsen flame.s play on the wire 
gauze E, and the hot gases impinge directly on the lower surface ot 
the vapour jacket C. Ihrect communication of heat to the vessel, A, is 
prevented by the double^ cylinder, F|, F®, of asbestos mill-board, and 
by a roll, H, of asbestos paper. Thus the solution in A receives heat only 
from the liquid and vapour in the vessel C, ^ 
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t iG 83 —Beckmann b boilmg point apparatuj. 

f Th^ solution may be introduced into the vessel A by way of the side 
’’ jnlet ttibt Bf ih ^i gggdenser being removed* 
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ESevation of Point and Hnleculai^ Weight. 

A Solution of a Non-volatile Subetanoe will 
possess a higher Boiling Point than that of the pure 
Solvent — The following table, taken from Lupke*s Electro- 
Chemistrv, exhibits the elevation of the boiling pomt produced 
by dissolving definite quantities of cane sugar in watei;. 


Mass of ( an« 
sugar dis 
solved in 
loogims of 
water 

Barometne 

pressure 

Boiling 
point of 
water 

BolUng 
point of 
solution 

Elevation 
of boiling 
pohit 

rievation 
of boiling 
point per 
gram of 
dissolved 
sugar 

' 

Molecidar 
elevation 
of boiling 
point. 

34 2grms 
51 3 » 

684 „ 

83 5 , 

746 mm 

! 74O » 

755 

755 » 

90 85° C 
oq 85 

9Q 90 

99 90 

loo 

100 59 

100 95 

|10I 22 

0 ‘50'* C 
074 

1 05 
* 3 -i 

0146® c 

0144 

0153 

0154 

5 

493 


J roin this tabic it is evident that the elevation of the boiling point is 
appioximatf ly proportional to the mass of the substance dissolved. ' 

Ihe molecular elevation of the boilmg point is obtained by multiply^* 
mg the elevation, per gram of the dissolved substance, by the molecular 
weight of thf latter If various substances are used, the molecular 
chsations will denote the <l(\ations produced by dissolving equal 
numbers of mokcules of the \arious substances in equal masses of 

\\ dl( I 

It has been found that for non electrol> tes thf molecular ekvatioa 
of the boiling point has a const mt value of about ■). Thus soluttons 
Lomprtsing equal numbers of dissolved moleeules %7% equal masses of water 
possess the same boiling point 

Thi‘? principle can be applied to the determination of the 
molecular v eights of non-electrolytes in an analogous manner 
to that prcMousIy described for the depression of the freezing 
point 

In the case i iqueous solu tions of substances such as sodium chloride, 
which arc good condiutors of ekctiicity, the molt cular ehvation of the 
boiUng point amounts to nearly lo. This is in agreement with the 
theory of lomc dissociation mintioncd on p 171, 

Variation of the Boihng Point with Pressure.— 
Tlie volume occupied by a given mass of any substance is 
always much greater m the state of vapour than in that of 
liquid. In otlier words, a considerable expansion takes place 
dunng the vaporisation of a liquid. Thus i gram of water at 
ICO® C. occupies a volume of i *043 c.c^* When converted mto 
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The st«am generated passes upwards through the inner of two con- 
centric ni^tal tubes F, and thence into the space between the tubes by 

way of some holes, H, 
and finally escapes into 
the atmosphere by ail 
aperture G. Thus the 
steam in the central tube 
is protected from loss ol 
heat by means of a steam 
jacket. 

The thermometer T is 
provided with a small 
thread of mercury /, 
which is separated from 
ihe main column by a 
small bubble of air* 
When the thermometer 
is heated, the main 
column of mercury \ mshes 
this thread before it, but 
when it is cooled, the 
thread maintains its posi* 
tion, thus indicating the 
highest lemperatuie at* 
tained. 

In making an obser- 
vation, the thread of 
Fig. Ss.—Hypsonieter, mercury is shaken down 

as near to the bulb as 
it will go, and the thermometer is then placed in the central tube of 
" F, and the water is boiled. If the extremity of the mercury column is 
visible at the top of the instrument, an observation may be made 
■directly ; if not, the thermometer must be removed, and the position 
of the detached thread noted. 

Boiling under increased Pressure*— At great altitudes 
where water boils at very low temperatures, some contrivance 
must be used in order to attain a sufficiently high temperature 
to cook food. This is generally managed by using a strong 
s vessel provided with a safety v^ve which allows the steam to 
escape only when a sufficiently high pressure has been reached. 
Thus* if water is required to boil at loo® C.. it is arranged that 
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the pressure per square inch necessary to raise the valve, added 
to the atmospheric pressure per square inch, should amount to 
15 lbs. \ 

The boiling point of water may, when necessary, be raised tb , 
a considerable extent by similar means. Fig. 86 represents, 
the digester invented by the French physicist Papin (1647- 
1714). The lid of a strong 
metal vessel is held in position 
by a screw, and a valve is 
closed by means of a lever 
canymg a movable weight. 

Water may be caused to boil 
at 200® C. by subjecting its 
vapour to a pressure of 2^0 
lbs to the square inch, to 
a pressure of 16 atmospheres. 

The Spheroidal 
State.— 

Expt. 52, — Take a flat piece 
of sheet copper or brass, and 
support this, in a horizontal 
position, over a Bunsen burner. 

From time to time, whilst the 
plate h being heated, allow a 
few drops of watci to fall on it Fio 86.-^Papin'» Digester 

from a pipette. When the plate 

is quite cool, the water will spread over it in the usual way. As fts 
temperature increases, an accelerated rate of evaporation will be noticed, 

and when a certain tern* 
jieratuie has been 
tamed, violent ebullition 
will ensue. On sliU 
further heating the plate, 
a stage will be reached 
where the water, instead 
of .spreading over the 
surface, 01 being thrown 
into ebullition, collects 

, 10 87.-Urop of w.t.r m the .pheroidal spheroidal , 

drops, which run over ‘ 

the surface very much as mercury does when spilt on a table. If the 
4?late is hwwantal, one of those drops my ba observed for; , eopstd^U^' 
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' and ife will be found that its size decreases very slowly. If a 

, luminous fiime is placed in a suitable position, so that it is seen behind 
,,"4he drop by an eye placed on a level with the plate, it will be noticed 
/'that the drop does not touch the plate. It is, in fact, supported by a 
^ cttshionuof steam. The escape of the steam fiom under the drop often 
^ throws the surface of the liquid into beautiful undulations. 

ExrT. 53- — Make a beyrax bead on the end of a fine platinum wire, 
and having heated this to as high a temperature as possible in a Bunsen 
dame, quickly immerse it below the surface of some water in a beaker. 
It will be observed that there is at first a shell of vapour surrounding the 
.bead, which prevents the water from coming in contact with it. When 
’^the bead has cooled to a certain temperature, the water suddenly gains 
* access to it, as is denoted by the disappearance of Uie shell of vapour, 
and the production of the characteristic hissing sound. 

The above experiments illustrate what is termed the spheroidal state 
of water. A laundress generally tests the temperatme of her iron by 
observing whether it is sufficient to cause a drop of saliva to assume the 
^ Spheroidal state. Jugglers were formerly in the habit of plunging their 
hands into molten lead, their immunity from burning depending on the 
moisture on their hands assuming the spheroidal state. Blacksmiths wdll 
«<4often lick a bar of red-hot iron. In early times, a common form of 
ordeal was to walk on red-hot ploughshares ; many who came through 
this ordeal tiiumphantly must have ascribed to supernatural inter- 
vention an occurrence which was strictly in accordance* with natural 
haw. 

, Water is not the only substance which can assume the spheroidal 
state, All hquids*will do so if placed on a metal surface that is suffi- 
ciently hot. If a mixture of solid carbonic acid and ether is poured into 
a' red hot platinum crucible it will assume the spheroidal state. If 
mercury is poured on to the mixture, it will be frozen, though the 
platinum dish remains red-hot. 

SubUxnation.— In certain cases a solid may change directly 
into a vapour without undergoing liquefaction, A familiar 
instance is afforded by iodine. This process is termed sublima- 
ttion. Its reverse (/>., direct passage from the state of vapour 
to that of solid) occurs in the formation of hoar frost. 

^ ' The conditions which determine whether sublimation or 
liquefaction will take place may be easily understood. If the 
' vapour pressure of a solid at any temperature is greater than 
due atmosphere, the substance will pass directly from the 
aolid to the vaporous condition. By increasing the pressure^ 
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however^ the substance can be obtained in the liquid state, pro- 
vided that the change from liquid to solid is accompanied by an 
expansion. Thus arsenic, which sublimes under ordinai7 prcs^ 
sures, may be liquefied if the pressure is sufficiently increased. 

(See, also, the discussion of the triple point curves, p. 231.) 

Summary. 

Cooling Curves. — When a pure liquid is cooled, the temperature 
falls in a regular manner until solidification coninienc es. The tempera* 
turethen remains constant until the whole of the ‘;ubstanre has become 
solidified, when a further regular fall of temperature occurs. 

Supercooling. — When a liquid is cooled gradually, and is protected 
from dust and rnechanicdl disturbances, its temperature can be reduced 
considerably below its freezing point without the occurrence of solidifi- 
cation. On intioducing a fragment of the solid substance, or on stirring 
the liquid violently, solidification commences, and the temperature rises 
to the melting point of the substance. 

The Freezing Point of a Solution is always lower than that of 
the pure solvent. Equal numbers of molecules of non-olectrolyles 
dissolved in equal masses of the same pure solvent, produce equal 
depression of the freezmg point. 

The Solution of Crystalline Substances is generally accom- 
panied by a fall of temperature. 

Change of Volume on Solidification — Water and several other 
substances evjund when solidified, to r cs of whaler at o" C. form 
about u c cs, of ice at the same temperature. VThen ice 15 cooled, it 
contracts. 

In Bunsen’s Ice Calorimeter quantities of heat are measured by 
observing the alteration of volume of a mixture of ice and water at o’C 

Effect of Pressure on Melting Point. —When a substance which 
expands on solidifying is subjected to a high pressure, the melting point 
is lowered. The melting point of a substance which contracts on 
solidifying is rai*-ed in similar circumstances 

Rcgelation,— Two pieces of ice can be frozen on to each other by 
pressing them together The ice is melted at the i)Oint of contact by 
the pressure to which it is subjected, and freezing occurs when the 
pressure is rejeased, 

A Glacier is a river of ice formed from compressed snow. The 
motion of a glacier is rendered possible partly by rcgelation and porlly 
by the plasticity of ice. Expansions and contractions of the ice under 
changes of temperature also produce important effects. 

Vapour, -^When a substance existing in a gas-Uke condition can be 
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converte4 into a liquid by increased pressure without any change of 
temperature, the substance is said to be in a state of vapour* 

* Evaporation consists in the quiet conversion of a liquid into a 
Vapour, 

Cold produced by Evaporation.— When a liquid is caused tq 
evaporate quickly, under such conditions that no heat is communicated 
to it, the temaininK liquid is cooled. 

Ebullition or Boiling. — When a liquid is converted into a vapour 
under such conditions that bubbles of the vapour are formed in its 
inteiior, the liquid is said to boil, and the process is termed ebullition. 
Under a given pressure a liquid boils at a constant temperatuie if small 
pieces of porous earthenware, capillary tube, &c., are placed in it, 

The Boiling Point of a Solution of a non-volaiile subsUuice is 
always higher than that f»f the pure solvent. In a dilute solution the 
elevation of the boiling point is proportional to the number of molecules 
dissolved m a given mass of the pure solvent. Substances wliich form 
electrically conductmg solutions undergo dissociation during solution. 

The Boiling Point of a Liquid is always laised by an increase of 
pressure. Water may be caused to l>oil at 200" C. by sufijecting it to a 
pressure of 16 atmospheres. 

The Hypsometer is an instrument for determining the barometric 
pressure from the l>oiling pjinl of water. It is used in determining the 
heights of mountains. 

Spheroidal State. —When a drop of a liquid is placed on a metallic 
surface heated to a sufficient temperature, it collects itself into a 
spheioidal globule separated fiom the surface by a cushion of its own 
vapour. 

Sublimation. — This term is applied to the direct passage from the 
solid to the vapor(ms state. Substances which sublime at ordinary 
pressures may be caused to melt by the application of a sufficiently high 
pressure. 


Questions on Chapter VUL 

f i ) Describe an experiment to show that water can be frozen by its 
own evaporation. Under what circumstances may the freezing point 
of water and its boiling point coincide. Discuss the consequences of 
such an arrangement. 

(a) Explain the method of using Bunsen’s ice calorimeter to deter 
tnine specific heats. 
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(3) Discuss the evidence that solids can evaporate, and that vapours 
can he deposited as solids without passing through the liquid state. 

(4) How does a change of pressure affect the temperature of the^> 

freezing point of water ? ’ " ^ 

How is this change explained on the principles of the mechanical , 
theory of heat ? 

(5) Twenty-five grams of water at 15® C. are put into the tube of a 
Bunsen ice calorimeter, and it is obser\'ed that the mercury nlovea ' 
through 29 centimetres. Fifteen grams of a metal at TOO® C. are then 
placed in the water and the meicury moves through 12 centimetres. 
Find the specific heat of the metal 

(6) Describe and explain the splieroidal state of a liquid. 

(7) Describe the phenomena observed during the fusion or solidifica- 
tion of an alloy of two metals, and give some explanation of the 
phenomena. 

(8) Explain in what way the melting points of bodies are affected by 
pressure. Illustnie your answer by reference to the rase of water and 
wax. 

(9) Explain exactly the adhesion of two pieces of ice when pressed 
together at the melting point and then released. Calrulate the effect of 
an extra atmosphere of pressure on the melting point of a substance 
which contracts on solidifying by one-sixth of its volume in the liquid 
state, whose latent heat is 40 units, whose ordinary freezing point is 
27" C., and whose specific gravity when liquid at this temperature is 
I *2. (For answ^er to last part of this question, sre Gimp, XVII ) 

(10) Define the boiling point of a liquid. Describe carefully the 
various conditions w'hich influence it 

Explain Bottomley’s expenment in which a loaded wire cuts its 
way thiough a block of ice and leaves the block whole after its passs^e. 
Why is it that the wire always tends towards a circular curvature? 

(12) Describe how to use Bunsen’s ice calorimeter. 

(13) A water-bottle is covcied with felt; explain why the contained 
liquid may be cooled by moistening the fell, and placing the l>ottle in a 
dry room, 

(14) Heal is continuously applied to a mass of ice at 10* C. until it 
becomes steam at 100“ C. Trace as completely as you can the change in 
volume and temperature that takes place. 

(15) Describe carefully the process of ebullition, and give reasons why 
a change of external pressure has an effect on the boiling point 

Why is the boiling point on a thermometer determined by immersing 
the instrument in the steam from boiling water ? 
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Boyle’s Law at High Pressures.— The construction and 
use of a piece of apparatus designed to determine the relation 
between the pressure and the volume of a certain quantity of 
gas, the pressure varying between i and about 3 atmospheres, 
has already been described (p. 90), The student wlio has care- 
fully performed the experiment as stated, and has reflected on 
the results obtained, will probably have noticed a very seriotis 
defect m the piocess, The aim of a careful cxpeiimenter should 
be to attain as uniform an accuracy as possible thioughout an 
experiment. In the experiment in question, the pressures can 
be measured with sufficient accuracy throughout ; but the 
accuracy with which the volumes occupied by the gas can be 
determined decreases as the pressures are increased. 

Thus, let us suppose that the gas occupied a volume or too c.cs, at 
atmospheric pressure, and that the possible error in estimating the posi- 
tion of the mercury meniscus iua> lead to an error m the determination 
of the volume amounting to ‘i c c. Then the pauntage error in 
determining the volume will be 'i. 

At two atmospheres pressure, the volume will be appioximately 
halved, and as a mistake in reading, involving an error of *1 c.c. m 
the observed volume, may still be made, the percentage error will 
amount to *2 per cent. 

Similarly, at three atmospheres pressure, a mistake amounting to ‘3 
per cent, of the total volume may be made. If it were jxissible to 
increase the pressure to 100 atmospheres, the possible error would 
amount to 10 per cent, of the volume of the gas at that pressure. 
Hence, experiments on the relation between the pressure and volume 
of a gas, conducted by the method described, become inaccurate just at 
the posnt where accuracy is most desirable* 
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Bagnault’s Elxpeliments. — ^The atrangement used by 
Reguault to overcome the difficulties indicated above may be 
imderstood from Fig. 88. 

A certain quantity of a gas in a pure and dry state was en- 
closed in a strong glass tube AB. The lower end of this tube 
contained mercury, and 


was connected by means 
of a tube BC with a long 
manometer tube CD, 
open at the top ; and also 
with a pump, by means 
of wliich more mercury 
could be introduced. 
The temperature of the 
air in AB was main- 
tained constant by 
means of a water jacket. 

At the commencement 
of an experiment, tlie 
mercury surfaces in AB 
and CD w-erc adj us ted to 
be in the same horizon- 
tal plane, and the baro- 
meter was read. Mer- 
cury was then pumped 
in through EC till the gas 
in AB occupied only half 
of its initial volume. The 
difference in the heights 
of the mercury surfaces 
in AB and CD was then 
observed, and this differ- 
ence, added to the baro- 



metric pressure, gave the gg — Regnauh’s apparatus for investigating 

pressure to which the gas of Boyle !» Law at high pressures., 

was subjected. 

The stop-cock T was then opened, and gas was pumped into 
AB till a volume equal to the initial one was enclosed under a 
pressure of two atmospheres. The stop-cock T having beer* 
closed, and the relative positions of the mercury surfaces ob- 
served, mercury was again pumped in until the volume of the 
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enclosed gas was halved. Similar observations to those already 
de«»cnbed were made, and the above operations were repeated 
until a pressure of between 14 and 1 5 atmospheres was reached- 

Regnault thus found that no gas accurately obeys Boyle’s 
Law, For most gases he found the product pv decreased 
as p increased, leading to the conclusion that a given increase 
of pressure pioduced a gieatei diminution of \olume when the 
initial pressure was high, than it did when the pi o'- sure was low. 
Foi hydiogen, hoAvevei, the piodutt of pv was found to mcicasc 
with p, 

Amag^at’B Experiments. — ^Amagat investigated, about 
1 870, the behaviour of gases at very high pressures. Nitrogen 
was hrst examined by a method somewhat similar to that used 
by Kegnault, but an open air manometer tube 65 metres 
(about 213 ft ) m height was used. The beha\iour of other 
gases was then compaied with that of nitrogen, hy enclosing 
equal volumes of nitrogen and the gas in question in similar 
tubes, and then subjecting both to the same pressures 

Figs. 88 and 89 exhibit the relation between the product pv 
and the pressure p lor hydrogen and nitrogen, at se\eral 
temperatures between 17° C and 100" C. It will be noticed 
that m the case of hydrogen, the pioduct pv in( 1 eases through- 
out with the pressure. In the case of nitrogen, the product 
pv at first diminishes, and subseciueiilly luci eases, as the 
pressure is increased. 

Fig 91 exhibits the relation between the product pv and the 
pressure in tho case of caibon-diovide The cuives lefciung 
to high tempciatuicb icsemble those foi nitiogen, but at low 
tctnpeiatuics the minimum points on the cuivcs aic greatly ex- 
aggeiated. It ma> he noticed that in the ca-»e of nitrogen and 
the high tcmpeiature curves for caibon*dio\icie, the lowest 
parts of the cuncs aie nearly paiallcl to the axis of pies- 
siires. In tlicse nc ighboui hoods thcicfore the pioduct pv is 
constant 

Andrews’s Experiments. — ^As early as 1863, Andrews 
(1813-1885) performed a classical senes of experiments 
which led to a clear comprehension of many of the phenomena^ 
observed when gases were subjected to increase of pressure 
which up to then had received only very partial explana- 
tions. ^ 

Xhe|^ wtth which he ^perimented was carbon-dioxide, the 
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pressures being determined by observing the compression of a 
certain quantity of atmospheric air, 



Fig 89 — Aniag^t & Lurvt> for hydrogen, (P.) 



Two tubes similar to that represented in Fig. 92 were 
emplo>;ed^ carbon-dioxide being enclosed in one and atmo* 
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spheric Air in the other, Each of these tubes comprised a 
father >\ide part AB, to the end of which a piece, BC, Of thick 
walled tube with a fine bore was fused This latter tube was 

carefully calibrated* 
so that the volume en- 
closed by I cm length 
at any position was 
accurately known In 
filling one of the tubes 
with carbon-dioxide, 
this gas VI as passed 
through It for a space 
of 24 hours ; even 
then a smill amount 
ot an 1 emained. The 
end C was then fused 
up, and the end D of 
the tube AD was 
placed below the sur- 
face of mcrcuiy and 
a small piston of 
meirury, E, drawn in 
by heating and sub- 
sequent cooling. 

J he end D was 
then placed below mercury, and the whole airangement en- 
closed m the receiver of an air pump On partially exhausting, 
some of the contained gas escaped Part of AB and the whole 
of AD became hlled with mercury when the receiver was once 
more put m connection with the atmospheie 

The carbon dioxide and air tube^ weie then fiimly fixed in 
two stiong copper cylindeis, the part BC being left projecting 
in each case Communication was established between the 
copper cylindcis by means of a cross tube. 

The cylinders wtie then filled with water, by means of which 
pressure could be transmitted from screw plungers to the 
enclosed gases. The volumes of the enclosed gases weie detcr^4 
mined from observations of the position of the mercury surfaces 
Fig 93 IS a reproduction of a photograph taken from the actual 
apparatus used by Andrews, and now preserved m the Science 
Collection at the Albert and Victoria Museum, South Kensifibton^ 
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The curves m Iig 94 repreSiertt the tsothermals ef carbon* 
dioxide deduced liom Andre wb^s expenincnts. As usual, 
\oUimes are measured hon- 
rontally to the right (as 
abscibsje), the conesponding 
pressures being plotted verti- 
cally (as ordinates) 


XrCt us examine the lowest of 
these rurvts, vi/ the isothermal 
for caibon dioxide at the lemptra- 
ture 13 I C Starting from the 
extreme right, we see 

1 ^ that at first the volume * 

ot the ro^ diminishts, ittl iSL 

as the [ire&sure is in ||K|| p M 

creased, qppiaxiuutclv |H W 

in accordance with 
Boyle s Law When, TB* 

8 0 howtier, a pressure a n 

little less than 50 it 

mospherts is rtuhed, IijIh 

i discontinuity occurs, l| fi 

I aiid the i-)Otherm'iI be ij JB 

comes horizontal At 
this Andrews 

hquefic 

tion commenced As 

A tht \oIuine wis further H nKir^ 9 

diminished, a greater B 

and greater pioporiion H B 

of (.he contained gi^ I ''^4. I 

assumed the liquid ^ B ^ 

n fornt, the fit, tHre r— nr-i 

lie 92 meanwhile rumrnino 

One >f con\tant At the ^ . 

\ndrtwss i r. r u 93 — Andrews s apparatus foi 

fvp nment treme IClt 01 tills nOi temnmng the is<th<rmaH <f cat bon 

tubes 2 ontal portion, all th dioxjUe (tram a photograph ) 

/ gas had been con 

verted mto liquid , further increase of pressure produced only a vtiy 
^ight diminution m the volume occupied bv the liquid, as is shown by 
the isothermal then becoming nearly vertical 
The isothermal for ai 5’ C exhibits similar characteristics : it ma) be 
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noted thaA liquofacUon did not occur till a pressure of about 6 t atmo* 
spheres was attained. 

On uov^ turning our attention to the isothermal for 31*1® C*, it will 
be noticed that no sudden discontinuity can be traced. The conjecture 
ATM that the abrupt discort* 

tinmties noticed in the 
isothennals for lower 
temperatures are associ- 
ated with liquefaction of 
the gas was confirmed^ 
since no formation of 
liquid could be observed 
at this temperature. Il^ 
must be lemembered 
that the only naU> es- 
se ntial dilfe renre beti!\een 
a liquid and a gas is that 
the foi m< r h is a dchnite 
surface, exhibiting the 
ordinary curved form due 
to surface tension. No 
such suiface (ould be 
noticed, however much 
the pussure was in- 
inert ased, ulun the tem- 
perature of the caibon- 
dioxido was at or above 

Critical Temper-' 
Volumes ature —At or above 

pio 94 — Isothennals of cai bon dioxide (Andiews) 3 ^ it lb impossible 

to liquefy caibon-di- 
ojude; at 30*02® C and below, it could be lujuelied. The 
latter IS therefore termed the critical temperature of 
carbon-dioxide The critical temperature of a gas is thus the 
temperature above which the gas cannot be liquefied by any 
pressure, however great. 

Gfeneral Form of Isothermals.— The isothermals of a 
substance which cannot exist in a solid condition at ordinary 
pressures and temperatures, are reprebented in Fig, 95. The 
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five lower isothermals all exhibit the discontinuity noti<;ed by 
Andrews, which is associated with the passage of a part of the ‘ 
gas-like substance into the liquid state. In that part of the , " 
diagram shaded downwards from left to right, the substance is 
wholly m the hquid condition. In the cross-hatched space 
enclosed by the dotted curve, part of the liquid has been con- 
verted into the gas-like condition. Hence in this part of the 
diagram the substance exists m the state of a liquid in the 



Fig, 95 — Isothermals of a suhstaust existing as liquid, vapour, and gas. 

presence of its sal urated \ apour. In tliat part of the diagram 
Shaded downwards from light lo left, the substance is in the 
state of unsaturated vapour. 

The curve 0 is the isothermal for the critical temperature of 
the substanc<^. 

The curves 7, 8, 9 are rsothemials for temperatures higher 
than the ciitic al temperature. No liquefaction can take place 
at any point on these curves. In fact the substance is, at 
the temperatures corresponding to these curves, in the 
condition of a so-callcd pennanent gas. 

Some most important general conclusions may be drawn 
from a careful study of the curves given m Fig 95. Thus, let 
US suppose that the point A on curve 8 corresponds to the 
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volume and pressure of a certain quantity of gas at the 
* a-tmosphenc temperature. Let the pressure be increased, the 
temperature remaining unaltered, till the point B is reached ; 
and then let the gas be cooled, while its pressure is maintained 
coUvStaiit, till the temperatuie corresponding to curve 4 is 
attained* The \ ol ume occupied by the gas will be diminished, 
its final state, repiesentcd by the point C, being reached by 
way of the honzontal straight line BC. 

Now at B the sulistance exists as a gas, and at C it exists 
as a liquid, and yet no abrupt alteration occurs m the properties 
of the substance in passing from B to C Hence Aitdrews 
concluded that the liquid and gaseous states ate “ only distanif 
stages of a long series of continuous physical changes.*^ 

If, alter the rendition lepresented by the point C has been 
attained, the piessure is gradually decreased, the temperature 
meanwluie l^enig maintained constant, the substance will 
expand along the isotheimal CD, and the point D will bo 
reached. As the volume occupied by tlie gas 
IS further increased, the appearance of a well* 
defined meniscus wnll denote that vapoiisation 
IS occurring Ihe pressuie meanwluie re- 
mams ( onstant, the Condition of the substance 
being successively represented by the points 
on the line DE At E the substance is wholly 
converted into vapour. 

Cagniard de la Tour's Experiment.-* 
As early as 1822, Cagniaid de la Tour per- 
formed an expeiiment on the conversion 
of a hquid into a gas, which we can now 
^ explain Let us suppose that a volume, repre- 
sented by the abscissa of the point F (Fig 95), 
IS occupied partly by a liquid and partly by its 
saturated vapour If t he temi>ej aturc is r aised,» 
the volume remammg constant, the substance 
will pass through the conditions represented by 
liquid originally occupied 
^'la “loui & so small a fraction of the total volume, that its 
do&mmmg tbf Chennai expansion does not cause it to entirely 
cuucai temper fill the Space befoie the critical temiierature 
Mure o 4 ujui . conespondiHg to curve 6 is attained, tfie sub* 
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^ Stance will at that temperature pass from the hqmd to the 
gaseous state To realise these conditions experimentally^ it 
IS only necessary to fill a strong tube with liquid, boil about 
a third of this off, and then seal up The tube can then be 
placed in a bath and heated 

The apparatus used by Cagniard de la Tour is represented 
in Fig 96 This consisted of a long tube, one end of 
which, A, was filled with air to indicate the pressure, 
Whilst the other end was bent round and fused on to 
a wide closed tube, B, containing the liquid and its 
saturated vapour The air was separated from the liquid and 
its vapour by means of mercury which filled the rest of Ihe 
apparatus When the whole was heated, the c hanges which 
took place were slightly more complicated than those previously 
explained by the aid of T ig 95, since both the volume and 
the pressure of the liquid and its saturated vapour were varied. 
Howevei, it was observed that as the temperature was raised, 
the surf ice of the liquid gradually became flatter, induabng 
tlidt the suiface tension was dinimishing When a certam 
tempcratuie was reachfcl, the surface suddenly disappeared, 
so that the space aboi e the mere ury m B appeared to be filled 
with a homogeneous gas This temperature was the critical 
temperature of the substance The disappeai aiu e of the 
surface corresponded to the p issage through G from the cross- 
hatched to the unshaded poition of Fig 95. 


Expt 53 — To determine the crtttcal temperature of sulphur dioxtde, 
— ^Take a piece of thick w ailed th( iraoraetf r tubing of about 2 mm bore , 
seal this at one end, and draw it out somewhat at a point \ Fig 97, 
about 8 mcht s from the seak d end Do not constrict the mtf mal bore 
more than you i an bt Ip in this pioccss 
Take a piece of thin walled glass tubing, and draw this out into a 
capillary tube, hue \ nough to pass down to the bottom of AB Bend the 
capillary tube at right angles, and connect the wide tube m which it 
ends with the dehveiy tube of a syphon contaimng liquid sulphur* 
dioxide Such syphons can be obtained from dealt rs m chemicals. 

Take a wide test tube (or boiUng tube), and having provided this 
with a cork bond to received AB, Tig 97 nearly fill it with a mixture 
of three parts (by weight) of broken ice to four parts ©f calcium chlonde. 
Push AB (T ig 97) through the hole provided in the cork, and arrange 
that the constricted part of the thermometer tube projects a little way 
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eA>ove Hk latter. Place the capillary tube in position^ an4 the arrange- 
ment will resemble that shown in section in Fig. 97. 

On opening the valve of the bottle, liquid sulphur-dioxide wi|l 
pass through the capillary tube and collect m the expenmental tube. 
When this latter is nearly full close the valve and remove the capillary 
tube, and seal the experimental tube off at A by means of a small 
but very hot blowpipe flame Some of the sulphur dioxide will boil off 
dunng this process, but the tube should rctam about two thirds of its 
iiutial contents when the seahng has been effected 



Support the tube so that it is entirely immersed in a beaker about 
tv^o- thirds full of glyctrme, a thermometer reading to 200® C being pro- 
vided to indicate the temperature of the latter. Heat the glycermc by 
means of a Bunsen burnt r, and notui at what temperature the memsc us 
in the experimental tube disappears, Ihen allow the gl>cerme to cool, 
and note the temperature at which the mimseus once more becomes 
Visible Thf mean of these two temperatures may be taken as the 
critical tempt raturt of sulphur dioxide. 

The pressure (xirresponding to the point G (Fig, 95) is 
termed the critical pressure of the substance, 

Thtas, it is impossible to liquefy a gas at a tempera- 
tore hi^^ber than its critical temperature, and in order 
to liquefy it at that temperature a certain pressure 
oailed the ontical pressure, must be apphecL 
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Deviations from Boyle’s liaw.— Accurate experiments 
•on the deviation of gases from Boyle's law were carried out 
by Holbom in 1915 and subsequently, in which the difficulty 
of accurately measuring a very small volume of compressed 
gas at high pressure was overcome by an mgenious pressure 
balance designed to measure the mass of gas required to ffil a 
given volume at various pressures. 

Experiments were carried out on several gases up to 1000 
atmospheres pressure, and over a temperature range Of 
— 180® C. to 400° C. Kamerhngh Onnes also conducted 
aimilar experiments at very low temperatures. The ultimate 
result of this work was to show that no gas accurately obeyed 
Boyle's law at all ranges, and that the behaviour of gases 
could be expressed by an equation of the type 

A -f- + Cp^ -f D/>» -f . . . 

where A =» RT, and B, C, D, See , are constants for a fixed 
temperature, decreasing rapidly for higher terms. They are 
called vtrial coefficients] the most important is B, which 
varies in a similar way for all gases , at low temperatures it is 
negative, gradually increasing to zero and becoming positive 
as the temperature rises. If at any temperature B = o, then 
neglecting C, D, 8cc. 

« = B = o. 

dp 

This temperature is called the Boyle temperature (or 
point), and at this point Boyle’s law will be obeyed over a 
wide range of pressures 

Pressure of Saturated Vapours. — It will be seen from 
Pig. 95, as well as from Andrews’s curves, that when a vessel 
at a certain temperature is filled partly with hquid and partly 
with the vapour of that liquid, a certain definite pressure will 
be exerted by the vapour. This pressure corresponds to the 
ordinate of the horizontal straight hne forming part of each 
isothermal for temperatures below the critical temperature. 
It is the greatest pressure which the vapour can exert at the 
given temperature, and is therefore termed the maximum 
vapour pressure (sometimes simply the vapour pressure) of 
the substance at the given temperature. The term vapour 
tension is also sometimes applied to the same value. 

When the vapour pressure of a substance becomes equal to 
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the jmsssure of the atmosphere, bubbles of vapour are formed 
in the interior of the liquid, and ebullition occurs. 

Liquefaction of Gases. — Such gases as ammonia, sulphur- 
dioxide, &c., which should properly be classed with vapours^ 
their critical temperatures being higher than the ordinary tem-* 
perature of the atmosphere, may be liquefied either by merely 
subjecting them to high pressures, or by cooling them to low 
temperatures at atmospheric pressure. In other cases it is 
necessary not only to reduce the temperature below the critical 
value for the gas, but to apply a certain pressure. All known 
gases have now been liquefied, in most cases in large quantities^ 
Some ci the methods used, as far as these arc rdated to the 
principles explained in this chaptei, will be now described. 

Faraday*s Method — We may take the liquefaction of chlorine as 
typical 0f the methotls employed by Faraday. The substances from 
which chlorine gas could lie evolved were placed at one end of a strong 
bent glass tube, closed at both ends ; the other end of this tube was 
immersed in a freezing mixture. The temperature of the freezing mix- 
ture being below the critical temperature of the gas, the pressure pro- 
duced by the rapid evolution of the gas was sufheient to effect 
liquefaction. 

This rnethod was successfully employed by Faraday, in 18^3, in the 
liquefaction of nitrous oxide, hydrochloric acid, cyanogen, chlorine, &c. 

Liquefaction of Carbon-Dioxide — In 1834 Thirlorier liquefied 
carbon-dioxide in the following manner. A strong copper cylinder, 
lined with lead, and strengthened with external iron Imnds, was filled to 
about a third of its height with sodium bicarbonate. Sulphuric add 
was contained m an open tube placed in the cylinder (Fig. 98). The top 
being screwed on, the cyhnder was inverted, when the acid became 
mixed with the sodium bicarbonate, producing a copious evolution of 
carbon-dioxide. The pressure produced is sufficient to liquefy the gas at 
ordinary temperatures. Referring to Andrews’s curves, Fig. 94, it may 
be seen that a pressuie of 50 atmospheres is sufficient for this purpose at 
a temperature of about 13® C. 

The inside of the generating cylinder was then put in connection with ' 
the interior of another vessel, kept at a lower temperature. The carbon- 
dioxide distilled over into the latter, just as the water distils from one 
bulb to the other in Wollaston^s cryophorus (p. 183). 

When carbon dioxide is allow^ to escape, under great pressure, 
through a narrow orifice into a metal vessel open to the atmosphere, the 
nold produced is sufficient to produce carbonic heid snow, tltis slowly 
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sublimes at a temperature of al)out - 8o* C. when exposed to the atmo 
sphere. Mixed with ether, carbonic acid snow quickly evaporates, pro* 
ducing an exceedingly low temperature — about - 77® C. This freezing 
mixture was used by Faraday in liquefying other gases. 



Fic. 98. — Arraiigemetil used by Tbirlorier to liquefy carbon-dioxide. 


Cailletet’s Method (1877). — A cylinder A, Fig, 99, strong enough, 
to withstand a pressure of i ,000 atmosi)hercs, was provided with an 
air-tight piston joined to the end of a square -threaded screw B. An 
internal screw thread was cut in the hub of a large wheel, C, the rim of 
which was provided with spokes to facilitate turning. When the wheel 
was turned the piston was forced into the cylinder. The latter was 
filled with water, and the pressure obtained by forcing the piston 
inwards was transmitted by water, which filled flexible copper tubes of , 
small bore, to the manometer M and the ex|)erimental tube T. 


or A 
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A detail drawing of the experimental tube is given in Fig. joo. 
The gas to be compressed was contained m a glass tube of fine bore, 
the end of which dipped under the surface of some mercury'. The 
pressure generated m the cvlinder, Fig. 99, was transmitted to the 
water covering tlie surface ot this mercury. 

In ordyr to liquefy a gas such as oxygem, the pressure was increased 



I ig 99 -Cailletet s apparatus for hquef)ing oxygen 

as far as possible and tlie gas was cooled by means of a jacket containing 
a suitable refrigerant, such as liquid sulphur-dioxide. 'Fhe pressure was 
then suddenly released, and the expansion of the gas in the experi- 
mental tube caused its temjierature to fall. A cloud of liquefied gas 
was formed, an<l lasted foi a short time. Cailletet applied this method 
to the liquefaction of oxygen, carlionic-oxide and ethylene, 

PicteFs Method (1877) —The general pnnaple of this method 
tesemhles those previously described. The arrangement used is repre- 
sented diagrammatical ly in Fig. lor. Sulphur-dioxide gas was Com- 
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pttssed by a fiump A, and delivered in a liquid 
form mto the cooling jacket CD The vajxiut 
formed in the space above tins liquid was puinptd 
back mto A Thus rapid c\aporation was pro 
duced, and a temperature of about - 70** C was 
obtaintd m the jacket 

The pump B was used to compress carbon 
dioxide gas, which was liquefied m the tube pass 
mg through the midst of the sulphur dioxide 
jacket The liquid carl^on dioxide was delivered 
into the cooling jicktl T1 a tempt lature of 
- 130** C being obtained by pumping the vapour 
thcic formed back into B 

A quintity of ]jotassium chloratt wis heated in 
a strong steel vesst.1 V , Ihe ow gt n gt ner Ucd being 
foteed into a tube pissing c enti illy through the 
carbon dioxidt jul et \\htn a | rcbsuu of 
atmospheres wis induated h) the minomeltr M 
liquefaction rommcnctd On opening the tip so 
as to permit the iKpn 1 to flow out, a white jet wa^ 
ob-jeivcd, the liquid mmicdiiUly cv iporating 
liquid 



100 - CaiUet^t s 
I VI tniuent’x) tube 


1 ho first traces of 
ixygcn obt lined bj any method generallj have a milky apjicar- 



Fig lox —Pictet f roethod of Uquef> ipg oxygen 

ance, due to the presence of hnely divided particles of solid carbon* 
dioxide These may be removed by hltration through ordinary filter 
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paper^ when the remaining liquid will be seen to be of a beautiful blue 
colour. 

Wrohlewski and Olszewski modified this arrangement by cooling 
liquid ethylene, first with a freezing mixture made from ice and salt, 
and then with a mixture of carbonic acid snow and ether. The liquid 
ethylene at a temperature of - ioo*C. was led into a cylinder where 
its temi>erature was reduced to —136^0. by rapid evaporation into a 
vacuum. A tube containing oxygen was immersed in the evaporating 
ethylene, and liquefaction was produced at a pressure of about 20 
atmospheres. 

A quantity of liquid air having been obtained, this was used as a cooling 
agent in an attempt to liqutfy hydrogen. At a pressure of 100 atmo** 
spheres and a temperature of — 21 1** C., the hydtogen remained in the 
gaseous condition. On suddenly diminishing the piessmc to which th^ 
hydrogen was subjected, a furthei cooling due to exjunsion was pro* 
duced. The temperature in the hydiogen tube, aftei falling for a short 
interval, remained statumaiy, the pressure observed being 20 atmo- 
spheres j this was considered to indicate that the hydrogen had been 
liquefied, The tempeialure thus obtained, wliicli was measured by the 
aid of a thermo-couple (see Chap. XIX.), was - 234® C. 

Dewar’s Experiments. — Using an unproved form of the apparatus 
just described, Dewai obtained large quantitas oi liquefied oxygen and 
air. Liquid oxygen was found to be of a beautiful blue colour, and to 
boil under atniospheiir pressure at — 182® C. Nevertheless it can be 
poured into the palm of one’s hand, if that is perfectly drv, and allowed 
to ev iporate without any sc nsation of intense cold. The liquid, m fact, 
assumes the spheroidal condition (Chap. VIII., p. 104). 

It was furtlKT found by Dewar that if the hquid oxygen be poured 
into a glass vessel provided with double walls, the space between the 
w^alis having previously thoroughly exhausted, the liqiud can be 
maiiitamcd in a stable state and its propeitics examined. The trace 
of mercury vapour contained m the vacuous space is condensed into 
a mirror on the walls of the vessel, and this further dummshes the rate at 
which radiation occurs (Chap, XXL). 

In 1898, by the use of an improved form of Linde’s apparatus, which 
wnll he described subsequently (Chap. XVIIL), Dewar was able to 
liquefy considerable quantities of hydrogen, Pictet thought that he 
had hqiiefied, and even solidified hydrogim, but it is now evident that 
he could not have done so, siuce he obtained a blue hquid, whilst that 
' obtained by Dewar is transparent. Olszewski reUed only on the 
ovidence of a constant temperature to denote that he had liquefied 
hydrogen. The credit therefore rests with Dewar for actually obtaining 
and exar^infi^ the properties of liquid hydrogen* 
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A piece of metal immersed for some time in liquid hydrogen, and then 
suspended in the atmosphere, was found quickly to become coated with 
a white layer of solid air; after a few moments liquid air commenced 
to drip from it. 

Helium, which Olszewsld failed to liquefy, was liquefied by Dewar, 

^ Solid Hydrogen. — In 1890 Dewar succeeded In sohdifying hydrogen, 
A small double-walled test-tube, a Dewar or thermos ** flask, was 
filled with liquid hydrogen, and suspended in liquid hydrogen contained 
in a larger double-walled tube. The pressure was then reduced to ro 
mm, of mercury, when rapid evaporation, accompanied by a fall of 
temperature, resulted (see p. 183). No solidification occurred, although 
it was afterwards found that the temperature reached was below the 
freezing point of hydrogen. This was an instance of overcooling (see 
p. 167), When a small trace of air was allowed to leak into the appar- 
atus, the liquid hydrogen si>lidified into a sohd foam. In further ex- 
periments a small amount of hydrogen, m the form of a transparent solid, 
vras obtained. Its melting point was 16° absolute (— 257® C.). The 
critical temperature (sio p. 206) of hydrogen is between 30* and 32® 
absolute (between — 241° and — 243** C.). The maximum density of 
liquid hydrogen was found to be 0*086 grams per c.cm. 

Uses of Liquefied Air.— When air is liquefied, both the 
oxygen and the nitrogen pass into the liquid state simultaneously. 
If, however, liquid air is allowed to slowly evaporate, nitrogen 
passes off in gi eater quantities than oxygen. Thus the liquid 
which remains becomes richer in oxygen as evaporation pro- 
ceeds. Hence an economical method of liquefying air would 
furnish us wmh a ready means of procuring comparatively pure 
oxygen (ser Chap. XTIII.). 

By allowing a quantity of liquid air to evaporate slowly, and 
examining the spectrum of the last traces of gas given off, 
Ramsay and Travers discovered two new constituents of 
atmospheric air, which they named krypton and xenon. 

The first traces of gas given off during the slow evaporation 
of liquefied argon, were further found to contain a new gas to 
which the name neon was given. 

The scientific value of liquid air chiefly lies in its efficacy as 
a cooling agent. Dewar was able to prove that at — r8o® C-, 
chemical reactions can no longer take place. Bacteria, as well 
as many seeds, retain their vitality after a protracted cooling 
in liquid hydrogen. 
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Dew&r and Fleming also investigated the electrical resistance 
of various pure metals and alloys at low temperatures. The 
interesting discovery has thus l>een made that the resistance 
of a pure metal decreases as the absolute zero of temperature 
is approached. Thus at — 223® C., copper and iron become 
almost perfect conductors, very little alteration being prcW 
duced during further cooling. Platmum practically reaches 
its mastimum conductivity at — 240^^ C. 

. Another unexpected result obtained by Dewar is that if 
cotton wool, eggshells, leather, See., are dipped in liquid air, 
and thenexposetl for a few moments to light, they will be found 
to phosphoresce brightly on being placed in a dark room. 

Substances like lead, which are not elastic at ordinary tem- 
peratures, were found by Dewar to become clastic on cooling in 
liquid air. India-rubber and iron when similarly cooled, 
become as brittle as glass. 


Summary. 

Careful experiiTK nts have shown that in no substance is Boyle’s I.aw 
accurately obeyed. In the case of hydrogen, inci eases with the 
pressure. In the case of nitrogen, ^ at first decreases and subsequently 
increases with the pressure. Other gases show a similar variation of /v 
with the pressure. 

l||Dthermal 8 of Carbon. dioxide. —Andrews proved that for tem- 
peratures below 30‘92"C. the isothennals of carbon-dioKidc possessed a 
discontinuity corre‘'pondmg to the formation of li(pnd. The pressure of 
the vapour was constant during liquefaction at a given temperature. 
Above 30‘92“C. no discontinuity of the isotheimals could be traced, and 
liquefacLion could not be induced. 

Critical Temperature. — Above a certain definite temperature a gas 
cannot be liquefied, however much the pressure may be increased. This 
tempeiature is termed the 01 meal temperature. Above the critical 
temperature a substance exists as a gas. Below the critical temperature# 
the substance may exist either as a liquid or as a vapour. 

Continuity of State —Andrews concluded that the liquid and 
gaseous states aic “ only distant stages of a long seiies of continuous 
physical changes.” 

Liquefaction of Gaeea — Substances such as ammonia, sulphur* 
dioxide, &c., of which the critical temperature is higher than the 
Ordinary atmospheric temperature, may be liquefied by pressure alone^ 
The so-called permanent gases must first be cooled Irelow their critical 
temperatures, and then liquefied by the application of a sufiident 
pressure. 
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Liquid Ait or Oxygen can be preserved for considerable intervals 
of time if placed in vessels pioMded with double walls, the space 
between the walls being exhausted 

Q^7Fs^o^s ON Ciiaufr IX 

(l) Define the critical ttmperatuie, pressure, and \olumeof a vapour, 
and give some account of the l)thavjoiir of a substance near its rntica) 
point 

(а) Give some account of invesligdUons on the relation between the 
temperature and the divergence of the actual compressibility of a gas 
from that which would be reduced from BojUi’s Law , discuss also the 
Con'‘lusions which these in\tstigatioiis support 

(3) Define the critical point of a fluid Give sLetches of, and point 
out the difference between the fjrms of, the isotheimalsof carbonic acid 
above and below its critical point 

(4) Describe the appiratus used m the liquefaction of oxygen 

(ij) Describe researches which hive been made to find the value of 

for various gases through 1 wide range of pressure it constant tepi4| 
perature, and give some account of the results 

(б) De cnlie Andrews expinmenu on ciilnn dioxide, and explain 
the terms cnticil pressure, critical temperature, md ciitieal volume 
Can a bod) be it the eruieal pressure and not at the ciiiieil temjicra- 
ture? 

(7) Sketch the isothermal lines for carbonic acid fiom 20® to 50X > 
and stite what is nicint by terms critical temperature, critical pressure, 
and cntieal volume 




CHAPTER X 

PROPERIIES OB VAPOURS 

Saturated and Unsaturated Vapours.-- The physi- 
cal meaning of the distinction drawn in the List chapter between 
^Saturated and unsaturated vapouis may be made clearer 
by the following considerations. Let us suppose that we are 
^ provided with a vessel, the volume of which can be vaiied at 
will, and that into this vessel, initially entirely exhausted, a drop 
of liquid, say water, is introduced. If the volume of the drop o( 
water is ^ery small in comparison wath the volume of the vessel, 
the water will almost immediately evaporate, and the vessel will 
be filled with aqueous vapour. Tins vapour will cveit a certain 
pressure on the w’alls of the vessel, and if the volume of the 
vessel be varied, it will be found that tlie product of the pressure 
and volume of the vapour remains approximately constant. 
The vapour in the vessel is now m an un\aturateif condition. 

If a comparatively large quantity of water is introduced 
into the vessel, only a part will evaporate. Any diminution in 
the volume of the containing vessel will now pioduce no altera- 
tion of ptessure, A part of the vapour will be condensed, and 
the remainder will be in exactly the same condition as before. 
The vapour is now in a saturated condition. The pressure 
which It exerts depends only on its temperature, and not, as in 
the case of an unsaturated vapour, on both the temperature and 
^ volume. 

54. “-TV? euttriHine the relation between the pressure and 
an unsaturated vapour. 

The apparaliis constructed for the purpose of determining the relation 
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betweeti the pressure and volume of a gas (see p 90) may be used for 
^ this experiment. The burette must, however, he shifted from the 
position occupied in Fig 45, and placed as high as possible, tbo 
drying tube being remo\ed. 

Remove the plug of the stop cock, and after having cleaned this with 
benzene, close, by means of plaster of Pans, one end of the hole 
bored through it. Thus, a small hole closed at the bottom 
will be left on one side of the plug. Cover the exposed 
surfaces of the plaster with a thin layer of shellac varnish, 
and heat gently to dry the latter. 

If, now, after the plug has been replaced, a small funnel 
-filled with water is attached to the nozzle of the stop-cock, 
each time the plug is turned completely round, a small 
quantity of water will be discharged into the burette, with- 
out the interior of the latter being thereby put into com- 
munication with the atmosphere 

Before the plug is replaced, raise the mcicury reservoir 
till the mcrcuiy m the burette begins to overflow Replace 
the plug, after filling the hole in it with water, and attach 
a funnel as above described Now lower the resen oir If the hole 
in the funnel is not in rommunic aiion with the burette, and the mercury 
is dry, no motion of the mertuiy in the burette will take place till the 
suifact of the mercury in the reservoir is depressed below the stop- 
cock by a distance equal to the pressure of the atmosphere, measured 
m centimetres of mereur} 

Adjust the reservoir so that the surface of the contained mercury is 
about 76 ems below the stop cock Now turn the plug of the latter so 
that a small quantity of water is discharged into the burette. The 
surface of the mercury in the buiettc immediately sinks, owing to the 
formation of vapour Determine the relation between the volume and 
pressuic of the latter, proceeding as when proving the liuth of Bojle^s 
I^w (p 94). The only cliflerenee in the method used is, that m the 
present case the difference in level between the mercury surfaces in the 
burette and reservoir must be subtiacted liom the atmospheric pres- 
suie, as read by the aid of a barometer, instead of being added, as 
previously 

that the pessure of a mtwated vapour m 
ptesittce pfrhe hqtad from xvhtch tt ottgmated is independent of the 
voiume which the two occupy. 

If the plug of the stop cock, arranged as in the previous expeiiment, 
be turned round several times, water may be discharged into the burette 
till some of it remains unevaporated. When this has been done, show 
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that the surface of the mercury m the l>urette is always at a certain con- 
stant height Abo\e the surface of the mercuiy in the reservoir, whdte>er 
volume IS occupied by the hcjuid and its saturated vapour. 

Th6 Pressure exerted by the Saturated Vapour of 
a Substauoe is termed the Vapour Pressure (some- 
times the Vapour Tension) of that Substance. 


rr\ 



F lo 103 — Air.ingrment civ-teniuiiitit; the- vapour prts ure of a liquid 


E\pr ^6 — /<? iitiumine the lapou? p}€s^u}e of a i^nten 
Ibis might be done after the manner described m the last expeii- 
ment. Ihe following i->, liowtver, the more usual method of pro- 
cedure. 

lake two pK( cs of glass tubing, each of about 1 metre in length and a 
little less than 1 cm m diametci. Clean the irderiial surface of these 
With strong nitric acid, then rinse with distilled water, and pull plugs of 
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cotton wool through ibcm, and diially cliy by sucking air through them 
whilst they are healed Seal one end of each of these tubes. 

Take some clean mercury and warm this man evapotating basm until 
a\mall drop of distilled waUr placed on its suifacc immediately bolls 
off. When thoroughly coolul, jioiir some of this mercury into one of 
the tubes until this is filled to within about half a cenlimetie of the 
op<n end Close tins end with the thumb, and tilt the tube so that the 
enclosed air may ]uss slowly dt)wn its sides, thus collecting the small 
bubbles of air which will lx found there 

When all the air bubbles have been removed, completely fill the tube 
with mtreur), close its oi)en end with the thumb, and, after inveiting 
It, place the cjrihce below the surface of some mcrcuiy contained in 
a suitable vessel, when the thumb ma> be removed 

Repeat this operation with the othci lube, inv citing it over the vessel 
of mcrcuiy already used Suj poit both lubes vc rlically side by side 
with the aid of retort stand*" (1 ig 103), taking caic that there is a small 
space between the extre riutu s of the tubes and 
the bottom of the vessel eontaiuiug th( mertiir^ . 

Make a bent pipette (1 ig 104), fill this with 
the iKpud ol winch tlie' vapour pressure is n 
quire d, and place the opening of the curved end 
under the extremity of oiu of tin tubes At A 
fit a small rubber bulb from a fount iiu pe 11 filler, 
and prt ss this ge ntl v, 'SO is to foie c a fe w eh ops of 
the liqiufi into the mercurv couluiud b\ the 

expcriiruTital tube Flu liqmcl will rise through . . . , 

_ , fht loi -Method of m 

the imreurv, and imine diate Jv it uae lies the iioducmg lujuid into 

suriae e the latter will be depressed ^^hfcn a expeiimeiital tube 
Jaytr ot liquid about a imllimetu deep lies over the suificc of the 
me re 111 V, the ditlerenee in tlie level of the mfuurvxii the two tubes can 
be measured, the value thus obtamed is the vapour pressure of the 
liquid at the te mperaturc of the air ot the room. 

Vapour Pressure in an unequally heated Vessel — 
Rt fc n mg to the di awing ot Wollobton^s Cryophorus (Fig 80, p. 
1 83) , it will be remembered that the vapoui c ondenses m the cold 
bulb A, whilst Iht liquid in the w aimer bulb evapoiates. Thus 
vapour wull pass into A, ri< coin pan led by a progiessne cooling 
of the remaining liquid, till a unifoim temperatuie is attained. 
Dining the intermediate stages, the mean pressure in the 
enclosure will ditfei only slightly fiom that in the colder bulb, 
the difference m piessuie in the two bulbs being only sufficient 
ifo keep up the flow of vapour from one to the other. Hence 
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it becomes most important in determinations of vapour 
pressure to keep the temperature of tlie whole of the space 
occupied by the liquid and its vapour as uniform as possible. 

The vapour pressure ob- 
tained will otherwise 
correspond to the lowest 

I temperature at which 

J any part of the enclosure 

^ VH Variation of Vapour 

11 * Pressure with Tern. 

1 1 » perature. Begnault’s 

Experiments. —For in- 
vesligations between o'^C. 
Ill 11 ^ ^ IBB and 50 C.Rcgnaultmodi- 

fied the barometer tube 
I ) jc : 3 method as shown in Fig. 

I ‘ f 105, only the upper por- 

I ill I tubes 

I I I being surrounded by a 

I ' II I water bath. This latter 

mam the form 

I ^ " pWpilB llr of a vciy’' large 

I J *1 1 vessel, B, pro- 

II IjjliWjl I vidcd with an 

I I|”^3e1| 1 elficicnt stirring 

lG9[H|g I arrangement. 

llT^ 1 1 ilffl i ^ window of 

Lai,: J I plate glass was 

11 provided in 

11 fiont, so that 

I observations 

j could be made 

- * 1111111 1 11 , - — I I I with accuracy. 

1 10. 105.— Kcguault’i. vapoui pressure upparatub. Errors due tO 

refraction in the 

liquid or the glass did not amount to •! mm. For each 
temperature required the difference in height ol the mercury 
in the two tubes was observeti by means of a catheto- 
meter. 
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' Experiments at very high Temperatures.— Regnault 
found the arrangement just described to be unsuitable for tem- 
peratures at which the vapour pressure of the substance to be 
examined was more than 300 mm. Accordingly he used the 
arrangement represented in Fig. 106, when high temperatures 
were in question. A strong copper boiler was partly filled with 
the liquid to be experimented on, the temperature of the liquid 
and that of its vapour being observed by the aid of four thefmo- 



Fig. J06 ---R<'g;nault s vapour-prt ssure apparatus foi temperatures, 

meters, c. The upper pait of the boiler w^as connected, by 
means of a tube, with a large hollow metal si>hcrc immeised in a 
water bath kept at a constant temperature. This sphere was filled 
with air, the pressure of which could be varied by the aid of a 
pump, and measured by means of an open mercury mano- 
meter KH. The vapour given off from the boiling liquid was 
condensed by a cold water jacket AC, and the liquid thus 
formed flowed back into the boiler. 
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The principle involved hi this experiment is somewhat different from 
those jUreviously described. When the liquid is boiling, the pressure of 
its vapour must become erjual to that of 



the air in the sphere. For, if the pressure 
of the vapiiur were greater than that of 
the air in the sphere, vapour would be 
forced into the latter till the two pressures 
were equalised. SiiniUi ly it can be &ho\\ n 
that the j)re's‘.uie of the vapour in the boiler 
could not permanently be less than that of 
the air in the sphere. In fact, the air in 
the sphere merely served to transmit the 
pressure of the vapour to the manometer 
Kll, having the advantage that il was not 
rt)ndcnsed when cooled to a low tem- 
pt i at u»e. 

Cheat accuracy was attained by the use 
of this apjKiraUis. The piessiire having 
been adjusted, and the stove lighted, boiling 
commenced, and after a short time the 
thcimomeltrs indicated a stationary leni- 
peiaturo. Piess’ires varying Ironi ii small 
fiactioii of an atmosphere up to 28 atnio- 
vpheies wcit* thus mc.isurcd. 

Vapour Pressure at Low 
Temperatures.— (hiy-Ltissac (1775-* 
1850) condijcled a senes of experi- 
ments to determine the vapour pres- 
sures of substances at temperatures 
below C., using a tnodified form of 


Fia. 107. -Gav Libaaev vapour- arraiigenimt origmally employed 
jnessurt* appai,itiis, foi low by Dalton. The vapoui tube C IC was 
teniperdtuif. (R) rouiid Hear its upper extremity, 


and ended in a bulb E (big. 107), The liquid to be experi- 


mented on w^as contained in this bulb and was reduced to low 


t emperatures by immersing the bulb m a ficc/ing mixture. A 
liquid freezing mixture was preferred, since stirring could be 
effected and a constant temperature be tlius maintaint‘d. 

It has already been pointed out (p. 224) that the vapour 
pressure observeti under the conditions at present under con- 
sideration will correspond to the temperature of the coldest 



X 


PROPERTIES OF VAPOURS 


«27 


part of the enclosure m the present instance to that of the 
bulb and freezing mixture 

Comparison of Vapour Pressures. — A simple but extremely 
elegant puce of apparatus, dtsigued for the purpose of compaiing the 
vapour pressures of two liquids at various 
tempeiatures, is due to Ichfcldt It con- 
sists of a glass tnbf' A (Fig lo*^), bent 
round so that two portions ol it Ik parilh 1 c 
to I ac h other and vt r> close togr tlu r tb» ir 
continu itions being b< rit tWK< at right 
angles, and (iiding in bulbs C, C'. Pic ts 
of tlu rmonif U i tubing irc sealed on to th 
bulbs C, C', and mother pu(e is sealed ou 
to tho main tulK at B 

I he mdhod of ftlling this appintus is 
as follows riu iii'^idt of th( tub(sni\ing 
bttn chaned and diifd, the cipillints 
1), D' are d^l^^n out and ‘t ilcd Ihc 
tubt coiiricctal at fJ is driwn out it B , 
and the pitve of thdinonutet tuFung kft 
below tlu eonstri turn B is couiuebd 
MMth a nu irurv v if uum pump llu i\hol< 
app iratusis tlu a thoroughl> t xh iust( d, tlu i _ t Idt s ipparatus 

tubes FiCiiig hv lt(d to itiiie;VC the glsis eompanug iht vapour 

^ pri-ssures of two hciuids 

condensed on then walls Jhe apparitus 

IS then seabd at B', a ^hmt length of capillary tube being kft above 
this point. 

If, iiovv, Ihc si/e of the cipillaiy B is pioperly chosen, on breaking 
oft its end below merrur) tlie litter will slowly flow inte> the gauge A, 
and wlicn sufheient Ins enttied, the capillar) can be scaled off by the 
aid of a blov\ ]upe In a similar in inner the bulbs C,C ran bo paitially 
filled with the liquids ol which the \a[»our pressuies art to be compared. 
The whole a angement can then Ik placed m a bath and heated to any 
desired temperature , the iliffeience iii level of the mercury surfaces in 
the gauge A gives the difterenees ol the vapour pressuies of the two 
hqiiuB 

Dalton’s Law - In 1801 Dalton formulated the law that 
the pressures of the saturated vapoiiis of all liquids have the 
same value at temperatures equally removed from their boiling 
points. In the case of water, the vapour pressure at C (/ e , 
20° below the boding point; is 355 mm Ether boils at 35° C , 
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and its vapour pressure at (35 - 20)® 15° C. is 354 mm. It 
was on this a^^reement that Dalton based his law. In the 
case of alcohol, however, which boils at 58"^ C., the vapour 
pressure at (58 - 20)^^ “ 38'" C. is only 330 mm. Similar devia- 
tions occur with other liquids. Hence this law cannot be said 
to have been proved . 

Pressure exerted by a Mixture of Gas and Vapour, 
— Ro^nault determined the pressure exerted by a vapour (i) when 
distributed through an otherwise empty space ; and (2) when 
distributed through a space containing a quantity of a permanent 
gas. The apparatus used was similar to that represented in 
Fig. 105, p. 224. As a result, it was found that the pressure 
exerted by a vapour is practically the same whether the space 
through which it is distributed is otherwise empty or is occupied 
by a gas or gases. I'liis law was found to apply to both 
saturated and uusaturated vapours. 

The same law had previousl}’^ been formulated as Dalton’s 
Law of Partial Pressures. — ^When a mixture of gases or 
vapours, having no chemical interaction, arc jiresenl together 
in a given space, the pressure exerted by each constituent gas, 
at a given tempera t me, is the same as it v^ould exert if it alone 
filled the whole space, and the total pressure' is equal to the 
sum of the partial pressures due to the constituents. 

Example, — It is required fo draw the isothermal for a mixture of 
Saturated aqueous vapour and a pet jut gas for a iempetuture of 50'’ C. 

(Pressiurf of saturalt*d aqueous vapoui at 50® ( . -- 1>2 lum. of mert ury .) 

The dotted eur\e (Pig. 100) is the isothermal lor a quantity of a 
perfect gas. This curve is represented by the equation 
/<’- K. 

If a quantity of aqueous vaj^our, sufficient to saturate the largest 
volume occiqned by the gas, is introduced mlo the s})ace occupied by 
the latter, the pressure corresponding to any volume of the gas will be 
increased by the constant \apour pressure of water ai the given tempera- 
ture, IleriLC, if we measure distances equivalent to 92 mm. vertically 
alxive various points on the dotted curve, and join the points so ob- 
tained, the resulting curve will be the isotheimal for the mixture of gas 
and vapour. 

It will be noticed that the curve is less steep than the isothermal for 
the perfect gas. The reason of this is, that as the volume is decreased 
the aqueous vajxiur condenses, and the liquid occupies a negligibly 
amAll Volume. 
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Example . — A quantity of hydrogen is collected over ivater in ai» 
inverted glass vessel, and the volume which it is observed to occupy ia 
356 ■$ c.cs, The barometer stands at 75 ^ mm., and the surface of the 
water in the graduated vessel is 7 cms. above the level of the water in 
the trough. The tempeiature of the water is 17*^ C. What would 
be the volume of the hydrogen when dry at o" C. and 760 mm, 
pressure ? 

The pressures of saturated aqueous vapoui at various temperatures i$ , 
given in a Table at the end of this book. From this wc find that the 
vapour pressure for 17‘’C. is I4.*4 mm. of mercury. 



1' It. S09 Isoiherrn.il for mixture of air and saimated \apour. 

Since the water stands 7 rm. higher inside the graduated vessel than 
outside it, tljc pressure, in min. of meicury, of the mixture of hydrogen 
and saturated aqueous vapour is equal to 

758-’^°^ ■= 758 -S‘> = 7 S 2 - 9 mm.. 

where the density of meicury is taken equal to 13 '6. 
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The prcssurt uhich would correspond to the same volume of dry 
hydrogeit at 17** C is equal to 752 0, /ess the pressure of the saturated 
aqueou', vapour, z e , 752 9-* 14 4 - 738 5 
Ilcnre we have the follouinej problem to solve 
A quantity of di) h)drogtn orrupies a space of 356 15 r cs at a 
tvmperaitirt t^f 17 ( , aiui ipussurc of 73S 5 mm of mcrcuiy What 
volume will this gas orcupy at o C , iud a pressure of 7^ niin of 
nierrury^ 

According to the r< lation r stablislud on p 103, 

pv p V 

1 1 ' 

760U 738 s y 3 s6 5 

273 (2, j h i'7) 

^ 7 ^H '» ^ ^ *'^1 

2C) ) 7O0 

^26 0 L < 

Vapour Pressure of Liquid Mixtures Ktgnmll found tint the 
vapour pressure of i ini\ture of two or nioie volatiU liquids is equal to 
the sum of tlu vapoui pussuresot iht consluucnls, whtn these do not 
dissolve ea'^h otlur (r ^ , in tlu i isc of witer ind benrene) In tht ca«e 
of h<|iii(ls which dissolve c.i(h othci b wiler irid alcohol, watci and 
ethci), tlic vipmi i)rcs->iirc if the mivtuic is h ss thin the sum of the 
vapour jntssurcs ul the coiistiiucnts, in sonu. cases even less than the 
Vapour piLssiiic ot om c f the tonsiiiuents 

Vapour Pressures of Solutions Raoult s Law 1 vptnmcnts 
have shown tint the 1 ipour pressure of i solution ol a non volatile sub 
stance is ilw lys less than ihit of the jmre solvent It h is already been 
pointed out tint the boding point of a solution of a non volatile sub- 
stance is higlitr thin tint of the pure solvent Since the vapour 
prcssuie of a sululum at its boiling [xunt is equal to the atmospheric 
pressmr, we sec tint the elevation of the boding point produced by dis- 
solving a non volatile substance in a pure, sdvtnt is clostij related to 
the diminutnn of the vapoui pressure it a given temperature, produced 
under similar cucumstinccs 

Kaoult his shown that the diminution of the vapour pressure of a 
solution of a non volat dc substann is proportional to the number of mole- 
cules dissolved in 100 gram'- of the pure solvent, and is independent of the 
nature of the dissolved nioltcules A reservation must be made with regard 
to aqueous solutions whic h conduct electricity, srnalar to that explained 
m connection with the molecular elevation of the boiling point (see 
p . 190). 
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The Triple Point. — ^We may represent the relation 
between the temperature and pressure of saturated aqueous 
vapour by a curve, such as Fig. 
no. For a particular 1 emper- 
alure OB, and a correspond mg 
pressure BA, a vessel may be 
occupied partly by water and 
partly by aqueous vapour, and 
no condensat ion or evaporation 
will occur. The water and its 
vapour are in equilibrium. Jf, 
however, whilst the temper- 
ature is maintained at OB, the 
pressure is raised to BC, a progressive condensation will occur 
till nothing but water remains. 

The fonflitioiis above assumed may be cxperimeritallY realised by 
ent losing water and its saturated vapour in a cyUud' r titt<*d with an 
air tight Ih( tioiih ss piston. If the pressure lending to force the piston 
inwards is eq\ial to tin* maximum vapour pnssure of water of the tern- 
peratuie at whidi the evUuder is maintained, the piston will remain 
slationaiy, and the rdativc volumes of the water and its vapour will 
remain unalti-rcd. If th<' extenial pressure on the piston is uicieased, 
the piston Will move iiiw.u:ds till the whole of the vapour is condensed. 

Ihmco, in a state of equilibrium, all points above the curve PS 
will correspond to the existence of nothing but ivater in the 

vessel, whilst similar reasoning 
may be employed to show that 
points below" the curve PS will 
correspond to the existence of 
nothing but aqueous vapour in 
ttie vessel . The curve PS is called 
the Steam Line, 

1 ord Kelvin,^ in verification of 
the hypothesis of his brother, Pro- 
Tentpmratum h. tcssor James Thomsou, showed 
Fig. jii.-iheiceime. that the melting point of ice is 
lowered by increased pressure. C onsequently lor any particular 
pressure, ice will melt if it is above a certain temperature ; or 

’ William Thomson, afterwards Lord Kelvin <18^4-1907), one of the greatest 
acienthts of the nineteenth century. His work on tbermwyt^mics and the theory 
ot heat and energy wiU he diacusseo latex tn these pages. 
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water will freeze if it is colder than that temperature. We may 
therefore draw a curve such as PI, Fig. iii» exhibiting the 
relation between the temperature and pressure at which a 
mixture of ice and water may remain in equilibrium, %,e., 
without ice melting or water freezing. Asa result of a train 
of reasoning similar to that employed above with regard to 
water and aqueous vapour, it may be shown tlial points above 
the curve PI will conespond, in a stale of equilibrium, to the 
existence of nothing but water in the vessel, wliilst points 
below PI correspond to the existence of nothing but ice in 
the vessel. is termed the Ice Line. 

Another curve, PH, Fig. 112, may be drawn, exhibiting the 
relation between the pressure and teinjicuiture ccjrrcsponding to 
a state of ctjuilibnuni between ire and a(|iicoi]s lapour. Foi 
points immediately above HI*, nothing but ice can exist in 



Fit. 112. -'I he hoar frost line t k. 113 - 'Iriple point curves for water. 

the vessel, whilst for points below HP, nothing liut vapour can 
exist in it. HP is termed the Hoar Frost Line. 

The above three curves repiesenl relations between tem- 
perature and pressure, and therefore all three might be drawn 
in one diagr.im. This is done in Fig. 113, 

Professor |ames Thomson ])roposeti the theory that the steam 
line, the hoar host line, and the ice line meet in a single point. 
Very simple reasoning will show that this must be the < ase. 

For suppose that tlie curves intersected as shown in lig. 114. Then, 
since the space ABd is above the steam line ACl), points in it must 
correspond, in a state of equilibrium, to the existence of nothing hut 
water in the vessel On the other hand, .since the space ABC is below 
the hoar-frost line BAE, points in it must correspond to the existence 
of nothing but vapour in the vessel. Also, since AbC is below the ice 
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line CBF, points in it correspond to the existence of nothing but ice in 
the vessel, ^ 

Hence the intersection of the steam line, the hoar-frost line, and the 
ice line in three different points leads to three different and mutually 
contradictory conclusions, based on the mere definitions of the curves, 
Therefore the three curves must meet in a single point P (Fig. 113). , 

Regnault, as a result of liis experiments on vapour pressure, 
concluded that the hoar-frost ime was a mere continuation of 
the steam line. It was subse- 
quently shown by KirclilmfT 
that the steam line and the 
hoar-frost line are distinct 
curves, meeting each other at 
an angle. 

The conclusion reached, as a 
result of the above argument, 
is that at a certain temperature 
and pressure, defined by the 
point J^ ice, water, and 
aqueous vapour can simul- 
taneously exist in the same vessel without the occurrence of 
any alterations m their relative proportions. The point P is 
called the iviple point. At this point tlie pressure of the 
saturated vapour of water is the same as that of the saturated 
vapour of ice. 

At the temperature and pressure corresponding to the triple 
point, water may freeze and boil simultaneously. This con- 
dition may be realised by placing water in an exhausted 
vessel whicli also contains a dish full of strong sulphuric acid 
(w p, 183). 

Exampk. Calculate the pressuic and temper atuie corresponding to 
the triple point for water. 

We will determine tlic co-ordinates of the point of intersection of the 
steam line with the ice line. 

According to Dewar's Experiments (p, 178) an increase of one 
atmosphere low’cr^ the melting point of ice by 0*0072“ C. 

Hence under zeio pressure icc w'ill melt at 0*0072“ C. 

It is easy to see that the temperature corresponding to the triple 
point will be between o® C. and 0*0072® C. For ice cannot in any 
circumstances he formed above 0*0072® C. ; and in order that ice 
should melt below o® C.» the pressure must be greater than one atmo<» 
sphere* ' '' 
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Taking the standard atmosphere as equal to 760 mm, of mercury, we 
sec that; for a depression of C. in the freezing point of water, the 
pressure must be increased by 105,000 mm. Therefore under a pressure 

of p mm, of mercury, ice will melt at ^0'0072 - ^ C* 

At o'* C. the pressure of saturated aqueous vajwur is equal to 4*60 mm,, 
whilst at i"* C. the pressure amounts to 4*94 mm. 

Therefore in the neighbourhood of o" C. , the pressure /corresponding 
to a temperature f C. will be equal to 4*60+ (4 *94 -4 ’60)/ =4 ‘60 -f- *34/* 


/ = 4*6o + *34/. 
** *34 


The temperature t must be equal to the melting point of ice under a 
pressure of / mm, of meicury, 

p — 4 '60 p 

' 0*0072 - — ~ — . 

•34 105,000 

105,000/ - 483,000 = 257108 - *34/, 

.*. /»(io5,ooo + *34) " 483,000 h 257*108. 


_ 257:1 oS 

105, 000*34' 

= 4*60243 mm. of mercury. 


This is the pressure corresponding to the triple point. Substituting 
this value in the equation for the melting point of ice under a pressure 
/, we gel, for the tenjperaturc i corresponding to the triple point 

„ 4 60243 a 

/ == ’0072 ^ — *0072 — ‘000043 — 0*007157 C. 


Triple Point Curves for a substance which contracts on 
solidifying. 

In Fig. H5 the boiling-point cur\^e corresponds to the steam line in 
Fig- 113, whilst the sublimation curve cc>rrcsponds to the hoar-frost 
line. The reasoning eiriploj'ed in connection with these curves iS 
similar to that already used (pp. 23i-'3). 

The melting-point curve corresponds to the conditions as to tempera- 
ture and pressure under which a mixture of solid and liquid can be *. 
’ maintained in equilibrium with each other. 

When a substance which contracts on solidifying is submitted to 
increased pressure, its melting point is elevated {p, 176). Consequently 
points above the melting-point curve will correspond to the solid state. 
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and those below it to the liquid state, 
point curve will slope downwards from 
right to left (Fig. 115). 

It should be noticed that a sub- 
stance which contracts on solidifying 
cannot exist in the liquid state at 
temperatures below that of the triple 
point. It can, however, be solidified 
at temperatures above that of the triple 
point. 

On the other hand a substance (like 
water) which expands on solidifying 
cannot be solidified at temperatures 
above that of the triple point, but it 


In other words, the melting* 



TemperCLtur^ 


Fro. H5.— Triple point curves for 
a su'bstancc which couti'acts on 
solidifyin^f. 


can exist in either the liquid or solid state at 
temperatures lower than that of the triple pointl 
Complete Isothermals of a substance 
which contracts on solidifying. 

The isothermal for the temj>erature corre- 
sponding to the triple point will be of the 
general form ABODE (Irig. 116). A B cor- 
responds to the state of unsaturated vapour. 
At B liquefaction or solidification, or both, may 
commence. If the substance is first liquefied^ 
a point such as C will correspond to complete 
liquefoction. Diminishing the volume occupied 
by the substance produces solidification. Thrue 
at D the substance is completely 
st)lidified. DE is the isother- 
mal of the solid for the tem- 
perature corresponding to the 
triple point. 

FGHK is an isothermal for 
a temperature helo 7 v that of (he 
triple i)oint. GI I corresponds , 
to a mixture of solid and satur- 
ated vapour ; no liquid can be 
formed at this temperature. DK 
corresponds to the solid state. , 
For temperatures above that 
of the triple point, the substance can only be solidified under high 
pressure. Thus LM corresponds to the state of* uusaturated vapour. 





Fig. 116,— Isothermals ot a substance which 
contracts on solidilying. 
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MN cortesponds to a thixture of liquid and saturated vapour* At N the 
substance is completely liquefied. When the pressure to which the 
liquid is subjected is increased to that corresponding to the point O, 
solidification commences. OP corresponds to a mixture of solid and 
liquid, the volume decreasing as solidification proceeds. At P the sub- 
stance is completely solidified, and PQ corresponds to the isothermal 
of the solid. 

A similar interpretation may be given of the isothermal RSTUVW, 
for a still higher temperature. Notice that at the temperature of the 
triple point the liquid and solid lines BC, CD, are at the same level. 
As the temperature is raised, the level of the line of solidification is ‘ 
farther and farther removed from the level of the line of liquefaction. 

Thus, the difference of level between VU and TS is 
0 greater than that between PO and NM. 

I, There is probably a critical temperature above 

which a substance cannot be solidified. The pressure 
*1 corresponding to this temperature would, however, 

l)e too great to permit of an experimental investigation 
of this point. 

1 Isothermals of Water for Temperatures lower 

I L ^ than that of the Triple Point. 

S The discontinuous curve AKECD (Fig. 117), 

^ represents the isothermal of water for the temperature 

corresponding to the triple 
point. The curve from A to B 

Ic ^ B corresponds to the state of un- 

saturated aqueous vapour. At 
/ vapour may commence to 

, ' " .rr. o liquefy or to solidify, z.e., to 

form water or hoar-frost, or 

FtC 117.— Isothermals of water for tempera- both. from B to C ice», 

ifiwci th.'ui the triple point. water, and saturated vapour 

may exist simultaneously. At 
E the whole of the vapour may have been converted into ice. 
Diniinishing the volume liquefies this ice, and C corresponds to 
the existence of nothing but water. CD is the i.sothcrmal fojr 
W ater. 

FGHKLN is an isothermal for a temperature lower than that corre- 
sponding to the trijile point. At G the vapour commences to solidify, 
to form hoar-frost. GH corresponds to a mixture of ice and vapour. 
At H nothing but ice remains. UK is the isothermal for ice. At K , 
the ice commences \o liquefy under pressure. KL corresponds to a. 
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mixture of ice and water. At L the whole of the ice is melted, and LN 
is the isothermal for water. 

LN is to the right of CD. This signifies that water, when kept liquid 
by pressure at temperatures lower than o“, increases in volume during 
cooling. (See p, 84.) 

OPQRST is another isolhermal for a still lower temperature. Its 
interpretation is effected after the manner explained in reference to the 
curve FGIIKLN. 

It is impossible to draw such a diagram to scale unless it is made 
very large. Fig. n7 is only intended to show the general form of 
the curves. 

It will be noticed that the various isothermals cut each other. This 
simply meant, that under a given pressure, water can occupy the same 
volume at two different temperatures. The prcssuie and volume referred 
to are those corresponding to the intersection of the two curves. 

Atmospheric Phenomena.— -When the atmosphere is. 
saturated with aqueous vapour, one or the other of the following 
phenomena may occur : — 

I. Dew.— A cold object brought into contact with a mixture 
of air and saturated vapour causes a reduction in the tem- 
perature of the latter, resulting in the production of a state 
of o\er-sati]ration. Some of the vapour is condensed into 
water, which appears at first in minute drops on the cold 
object. 

The amount of aqueous vapour in a particular part of the 
.atmosphere, though perhaps insufficient to produce saturation 
at the temperature of the air, would suffice for saturation at a 
lower temperature. 'I'hus, a cold obje( t when brought into an 
unsaturated space, may cool the air near it to a sufficient degree 
for water to be deposited on its surface. 

The water condensed on the surface of a cold object brought 
into contact with air containing actueous vapour, is termed 
denv. 

Dew Point.-- That temperature at which the aqueous 
vapour distributed through a particular part of the atmo- 
sphere would suffice to produce saturation, is termed the dew 
point. 

It is obvious that for dew to be deposited, the temperature of 
the cold object on which condensation takes place must be at 
or below the dew point. 
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2. Mist. — If a large quantity of air more or less saturated 
* with aqueous vapour is gradually cooled, a temperature will 
ultimately be reached, at which the whole of the air is saturated* 
If small particles of matter are floating about in the air, the 
vapour will condense round these, forming small drops of water, 
which collectively constitute a mist. 

Clouds. — If a mist is formed high up in the air, it is termed 
a cloud. The more or less saturated air rises from the surface 
of the earth, and becomes cooler by expansion on reaching 
high altitudes ; or, by mixing with colder air, a state of satura- 
tion is attained, and a cloud formed. 

Exrr. 58 . — To illustrate the formation of mist hy causing saturated 
mr to expand. 

Take a flask of alx)iit a litre capacity, clean its external and internal 
surfaces, and furnish it with a cork bored to admit a piece of glass 
tubing. Fasten a piece of india rubber-tubing to tliis glass lube, and 
introduce a layer of water about half a centimetre deep into the bottom 
of the flask. Allow tin’s to stand for a time until the air has had an 
oppoitunity to become saturated. 

On sucking air out of the flask, a momentary formation of mist will 
be noticed. This mist disappears if the exhaustion is maintained for a 
sufficient time, or if the pressure is allowed once more to attain its 
initial value. 

Hygrometers, — An instrument designed to determine the 
amount of aqueous vapour in the atmosphere at any particular 
place and time, is termed a hygrometer. 

The Hygrometrio State of the Atmosphere or 
Relative Humidity is measured by the ratio : — 

Mass of aqueous vapour per unit vol. of air at the observed 
temperature. 

Mass of aqueous vapour necessary to saturate unit vol. air at 
that temperature. 

The usual methods of determining the hygrometric state of 
the atmosphere are more or less indirect, and depend on the 
determination of the dew point, or some similar physical 
magnitude. The principles underlying these methods are as 
follows 

f Let the temperature of the air be observed ; then the mass cf \ 


X 


PROPERTIES OF VAPOURS 


239 


aqueous vapour which would saturate i cubic rhetre at that * 
temperature can be obtained from the following table 


Temperature in Centigrade 

Pressure of Saturated 

Mas.s of Saturated Vapoiw 

Degrees. 

Vapour in mm. of Mercury. 

per Cubic Metre. 

0® 

4*57 

4'8 

5 

6*51 

6-8 

10 

9*14 

9*3 

15 

12*67 

12*7 

20 

17 36 

17*1 

2S 

23 52 

22*8 

30 

31-51 

30*0 

35 

41-78 

39*2 

40 

54-87 

50*6 


At the dew point, the aqueous vapour distributed through any 
space w'ould just saturate that space. Hence, the mass ot, 
vapour actually present in a cubic metre of air can be obtained 
by determining the dew point ; the required mass will be 
found in tlie third column of the above table, opposite to the 
temperature so obtained. 

It will be noticed in the above table that the ratio of the masses of 
a cubic metre of saturated vapour at any two temperatures is very 
nearly equal to the ratio of the saturation vapour pressures for those 
temperatures. Hence the relative humidity is often expressed by 
the ratio : — 

Saturation Pressure of water va)x»ur corresponding to the dew point 
temperature. 

Saturation Pressure of water for the temperature of the air during the 
experiment. 

Dew Point Hygrometers. —I n tliesc instruments a surface 
is gradually cooled down till dew begins to be deposited, when 
the temperature of the surface is determined. In order to 
render the first appearance of de^v plainly visible, it is best to 
use a polished silver surface. 

Danieir$ Hygrometer.— This consists of two bulbs, A and B, 
'Fig. 118, connected by means of a tube bent so that the bulbs hang, 
downwards. Some ether or other volatile fluid is placed in one of ■ 
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these bulbs, A, which is made of black glass ; a thennometer which 
dips into it indicates the temperature. The rest of the enclosed space 
is exhausted of air. 

In using this instrument, the ether is first run into the bulb A, and then 
a piece of muslin, wrapped round B, is moistened with ether. Rapid 
evaporation takes place, and the temperature of the bulb B is lowered. 

Consequently the vapour inside 
B is condensed, and evapora- 
tion takes place from the liquid 
in A, resulting in a fall m the 
______ temperature of the ether in A, 

^ y ' ' ' ■ and thence of the surface of the 
I I V bulb. 

I " When the surface of A has 

I I leached atemperature sufficiently 

low, a film of dew will be con- 
fl densed on it ; if cooling is dis- 

continued, this film will soon 
disappear. The mean of the 
tetni>eratures indicated by the 
enclosed thennometer when the 
dew respc( lively appears and 
disappears is taken as indicating 
the dew point of the surrounding atmosphere. Ihe thennometer 
C indicates tlie tenipeiature of the atmosphere. 

Example, — Wuh a Darnell’s h>grometcr, it was noted that a film of 
dew appealed when thr' enclosed thermoincter indicated 9’5°C., and 
(disappeared when it indicated 10*5'' C. The tenipeiature of the 
atmosphere was 15® C. What was the relative humidity ? 

Tenijieratuie of dew formation - 9 5“ 

,, ,, disappearance ol dew - 10*5* 

T, • * <5*5-1 JO'S 

.*. Dewpoint - 10 ^ 




Fig 1 18,— Darnell 's Hygrometer. 


From tlie table on ]■>. 24T, wre see that i cubic metie of saturated 
vapour at 10' C. has a mass of 9*3 grams. 

Further, in order to satmale I cubic metre with aqueous vapour at 
127 grams of vapour are lequired. 

Hence, relative humidity — 

-’I = -73 or 73%. 
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Taking the ratio of the vapour pressures, we get as a value of the 
same quantity ; — 

= - 7 * or 72%. 

Disadvantages of Daniell’s Hygrometer.— DaniclI’s hygrometer 

suffers from the folloVring disadvantages : — 

1. It is difficult to regulate the rate of cooling of the bulb A. 

2. Owing to glass being a l)ad conductor of heat, the temperature ol 
the ether within the bulb A, which in indicated by the thermometer, 
will not be equal to the temperature of the external surface of the 
glass. 

3. Some difficulty is experienced in noting the first appearance of 
dew on the black bulli. 

4. The observer must stand near the instrument, and his breath will 



Fig. irp DineVs Hygrometer. 


probably alter the h>gronietiic state of the atniosphiTe in that 
neighbourhood 

Dines's Hygrometer.— In this instrument, Fig. inj, water cooled 
with ice is contained in a vessel A, and is allowed to flow in a slow 
stream over a thermometer C. A thm plate of black glass (which 
might advantageously be replaced by a thin sheet of silverl is placed at 
E, immediately above the bulb of the thermometer. At the instant 
when a film of dew first appears on the plate, the temperature indicated 
by the thermometer is noted. The flow of the cold water i& then 
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interrupted, and the temperature indicated when the dew just disappears 
fe observed. The mean of these two temperatures is taken as the dew 
point. 5 The relative humidity is calculated as on p. 240. 

Regnault’s Hygrometer. — ^This is the most satisfactory form of 
instrument for general use. Its essential parts are shown in section 
in Fig; 120. A test tube A has its lower part removed and replaced 

by a vessel B made from thin sheet 
silver polislKjd on its outside, A 
glass tube CD, passing through a 
sound cork which closes the mouth 
of the test tube, dips almost to the 
bottom of AB. The interior of AB 
is i>ut into connection with an, 
aspirator by means of a side tube 
EF. 

Ether is poured into AB, and a 
current of air is drawn ihiough 
this via Cl^, by the aid of an aspira- 
tor connecte<l with the tube EF'Cl, 
The evaporation of the ether, which 
can be controlled with the greatest 
nicety by adjusting the rate at which 
I air is drawn through the apparatus, 
leads to a cooling of the ether ; the 
temperature of the latter is indicated 
by a thermometer dipping into it, 
The polished external surface of B 
i> watched from a distance by the 
aid of a telescope, and the instant 
that dew appears, the temperature 
imlicated by the thermometer is read 
Fio, Hygrometer by the same means. A similar 

(icction). polished silver vessel is provided at 

the end of a tube K, for purjxises 
of comparison. The thermometer enclosed serves to determine tho 
temperature of the surrounding atmosphere. 

The Wet and Dry Bulb Hygrometer. — When a piece of muslin, 
moistened with water, is exposed to the atmosphere, evaporation ac^ 
companied by cooling generally occurs. The rati at which the water 
evaporates will depend on the degree of saturation of the surrounding 
air ; and as the rate of evaporation may be taken as representing the 
rate at which heat is leaving the liquid (being rendered latent in 
vaporising , the water), the extent to which the water remaining on the 
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musUn IS coolod depends on the hygrometnc state of the atmosphere. 
Tins pnnciple is used m the wet and dry bulb hygrometer. (Fig. 121.) 

Rxpr. 59. —Support two thermometers at A 
distaiire apart of tlirce or four ipchts, in the 
manntr shown in Fig. 122. Wrap a piece of 
musliu loosely round the bulb of one of these, 
and fold the lower part of this muslm tound 
out end of a piece of lamp wjek W'hidi has been 
boiled With wa«»hiiig soda, to remove any grease. 
7 h( other end of the wk k dips into an c\ aporating 
basin containing a btUe watti, placed some dis- 
taiice to one side of the tlurinometer. 



Fig. 121 . — Wrt and 
Dry Bulb Hygio- 
ineter. 



Fig. 132 . — ^Wet and dry bulb hygm- 
inetei. 


To start the experiment, wet the muslin and the wiek with water, and 
note the readings of both thennometers at short intervals of time. 
When stationary temperatures arc r(?ached, write these down. 

Tables have been constnictcd, showing the relation between the 
temperatures indicated and the vapour pressure as determined by 
the aid of hygrometers such as have already been described. Such a 
tablt* is given at the end of the book. 

Example . — On a certain day the wet and dry bulb thermometers in- 
dicated 1 3® C. and 1 5® C. respectively. Determine the relative humidity. 

Dry bulb reading i5'‘ C. 

Difference in reading between wet and dry bulb thermometers =* 2®. 

From the table we find that the pressure of the vapour in the atmo- 
sphere ^amounted to lo-i mm. 


244 


HEAT FOR ADVANCED STUDENTS 


CHAP. 


The pressure of saturated aqueous vapour (sec p. 239) at 127 mm. 

/, Relative humidity « -80 or 80%, 

i2"y 

The wet and dry bulb hygrometer is very widely used in meteorology 
and industry. It requires no special experimental skill in setting up or 
reading, and the relative humidity can be obtained directly, without 
intermediate calculations, from tables supplied with the instrument. 

* Direct determination of the Mass of Aqueous Vapour in a 
given Volume of Air. 

ExPT. Co. — Take a large bottle, such as is shown in Fig. 123, and 
nearly fill it with water. 

If the stopHOek be opened, air will be drawn into the bottle as 
the water leaves it; and if the water be collected m a graduated 

measuring vessel, the 
volume of the air drawn 
into the bottle becomtjs 
known. 

Obtain a U-tiibc and 
fill each limb to within 
about an inch of the top 
w'ith a mixture of phos- 
phorus pentoxide and 
broken glass m large 
pieces. Close its ex- 
trenii lies with iiidia-rub- 
bt*r stoppers provided 
with bout glass tubes 
(Tig. I .,*3). These latter 
should be pushed into 
pieces of india-rubber: 
com u‘c ting tube, which 
are closed at the other 

• ends by pieces of glass 

rod. 

Fig. 123, — The chemical hygrometer. Obtain a bottle with 

a wide mouth and close 
this with a cork bored to admit two glass tubts. One of these tubes 
dips to the bottom of the bottle, whilst the other descends only a short 
distance below the cork. Fill this bottle about half way up with a 
mixture of large pieces of broken glass and phosphorus pentoxide. 
Insert the cork and close the ends of the glass tubes by the aid of india- 
rubber tubes provided with pieces of glass rod. " 
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Weigh the U-tube on a chemical balance. Then connect up as in- | : 
dicated in Fig. 123, The pieces of glass rod, which serve to exclude the, 
atmosphere from the phosphorus pentoxide, should not be removed . 
until absolutely necessary. Finally, the end D of the tube com- • 
municating with the U-tube is opened, and the stop- cock S is turned so 
as to allow a gentle stream of water to issue forth. The phosphorus 
pentoxide in the bottle B prevents moisture from reaching the interior 
of the U-tube from the damp air in A. Hence the moisture which is 
absorbed in C will be wholly derived from the air which has passed into A. 

When a sufficient volume of water has been drawn off, close the stop- 
cock and remove the U-tube, closing its ends with the same pieces of 
india-rubl>er tube and glass rod as were previously used. The amount ^ 
of moisture condensed in the U-tube can be ascertained by weighing. 
Read the thermometers which indicate the temperature of the external 
air, and that in A. 

Now, as a first approximation, we may say that the mass w of aqueous 
vapour which has been condensed in the U-tubes was distributed in : 
the external atmosphere, through a volume V, equal to the volume of 
the water which has been drawn off from the stop-cock. The mass of 
vapour which would saturate this volume at the temperature of the 
external atmosphere, may be obtained by the aid of the table on 
p. 235, Finally the hygrometric state of the atmosphere is equal to 

m 

M* 

For accurate work, however, corrections are necessary, due to the 
following causes : — 

1. The air contained in A at the end of the ex]>eriment will generally 
be at a different temperature from the external atmosphere, 

2. The air in A will be saturated with moisture; hence its volume 
will be different from that which it occupied when in the state of 
partial saturatioii pertaining to the external atmosphere. 

Vapour Densities. — By the density of a substance is strictly 
meant the mass of unit volume of that substance* In the case of 
gases and vapours, however, the term density is often under- 
stood to imply the ratio : — 

Mass of a certain volume of the gas or vapour at a temperature t 

and pressure p, 

Mass of an equal volume of dry air at the same temperature 
and pressure. 

' Different methods must be used according as it is required to 
. determine the density of an unsaturated or a saturated vapour. 
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Density of an Unsaturated Vapour. Gay-Lussao's 
Method, — Gay-Lussac introduced a small stoppered bottle, 
lilled with a weighed quantity of the liquid to be experimented 
with, beneath the lower end of a barometer tube. When released, 
the bottle floated up into the vacuum at the top of the tube. This 
space was kept at a constant temperature, higher 



Fig, 124. — 
Glass vessel 
for deter- 
mining the 
density of 
atmospheric 


than the boiling point of the liquid, by means of a 
water-jacket. The stopper of the bottle was forced 
out by the expansion of the liquid ; complete 
vaporisation then quickly occurred. The volume 
occupied by the known mass of the substance, 
in the state of unsaturated vapour, under a pressure, 
deduced from the height of the mercury column 
and the barometric pressure, thus became known. 
The mass of a given volume of dry air being 
known, the vapour density as above defined could 
be easily calculated. 

Exrr. 61. — determine the density {mass of unit 
volume) of dry air. 

Take a cylindrical glass vessel with thick walls, of 
about the dimensions given in Fig. 124, and provided, 
as there shown, with a glass tap at each end. Clean 
this out, and dry it by drawing air through it whilst 
it is gently heated. Then connect one end with a drying 
tube, such as that used in the experiment described on 
p. 244, and the other end with an air pump. Draw' air 
gently through it for about ten minutes. Then close 
the stop-cock nearest to the pump, and after about a 
five minutes’ interval, allowed in order that the tube 
and its contained air may attain the temperature of the 


surrounding atmosphere, close the other stop-cock ; ob- 


serve the tcm{>erature of the atmosphere in the room 


and the barometric pressure. I'hen disconnect the tulie, and weigh 


it and its contained air. 


Once more connect one end of the tube with the air pump, and . 
having opened the appropriate stop-cock, exhaust the tube as com- 
pletely as possible. When this has been done, close the stop-cock, and 
weigh the exhausted tube. The difference between this latter weighing 
and the one previously obtained will give you the mass of the air you 
have pumped out. 

In order to determine the volume of the air you have pumped out, 



PROPERTIES OF VAPOURS 


open one of the stop-eocks whilst its nozzle is under water, Waieif 
will be forced into the tube by the pressure of the atmosphere, and 
if the temperature of the water is equal to that of the air, and you 
immerse the lube so far that the water surfaces are level inside 
and outside, and then close the stop-cock, the volume of the air 
previously pumped out will be erjual to the volume of the enclosed 
water. Dry the outside of the tuixi and weigh it. Subtracting the 
mass of the tube w»hen exhausted from its mass when imrtially 
filled with water, the mass, and thence the volume ol the water, is 
obtained. 

The density of the dry air is obtained by dividing its mass by its 
Volume. 


Dumas’ Method of Determining the Density of an 
Unsaturated Vapour.— A large glass flask (Fig. 125), pro- , 
vided with a neck drawn 


out to a fine tube, was par- 
tially filled with the liquid 
the vapour density of which 
was required, and then im- 
mersed in a bath of oil or 
molten metal which could 
be maintained at a tem- 
perature considerably above 
the boiling point of the 
liquid. In order to keep the 
flask immersed, it w^as held 
in a heavy metal frame, 
which also supported ther- 
mometers to indicate the 



temperature of the bath. Fig 125. — Dumas' Apparatus for determining 
During the ebullition of of an unsaturated vapour. 


the liquid in the flask, the 

vapour formed issued in a small jet from the drawn out 
neck. This continued until the liquid was completely vapor- 
ised, at which instant the issue of the vapour abruptly 
ceased. The flask was then full of vapour at the atmospheric 
pressure and the temperature of the bath. The barometer 
was then read, and the mouth of the flask was sealed up with a 
b^wpipe. 
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On weighing the flask a value w was obtained which represented the 
difference between the mass of the glass vessel jdus the contained vapour 
and the mass of the air displaced. Thiis 

, W = W/ -f - ttfat 

if Wf = mass of empty flask weighed in vacuo. 

Wi, = true mass of the contained vapour. 

■= mass of air displaced by the closed flask. 

The flask had previously been weighed with its mouth open to the 
atmosphere. If was the value so obtained, we have 
= W/ - 7v’a 

where represents the mass of the air displaced by the gla»s com- 
posing the flask (not that displaced by the closecl flask). 

W - ~ 7Vi, ~ {Wa * 7c'a). 

The quantity within the brackets represents the mass of air at the 
temperature and pressure of the atmosphere at t}>e time of the experi- 
ment which would just fill the flask. 

The cubical contents of the flask at o** C. having been determined, 
the value of («»« - w'a) was calculated from the coefficients of cubical 
expansion of air and glass, and the density of the atmospheric air 
at 0° C. 

Thus the mass of vapour which filled the flask of known capacity at 
an observed temperature and pressure was obtained. 

Victor Meyer's Method of Determining Vapour 
Density. — The method devised by Victor Meyer (1849-1897) 
is largely used for carrying out a simple and rapid estimation 
of the vaponr density of a substance, particularly for deter- 
mination of molecular weights. The apparatus (Fig. 126) is 
a glass vessel, consisting of a cylindrical bulb A joined to a 
long and rather narrow stem BC, provided with a ground 
stopper D and a side tube CE. The tube and bulb having 
being cleaned and dried, a small quantity of asbestos fibre 
or glass wool is pushed down to tlu? bottom of A. The glass 
vessel is then supported in the manner indicated in the diagram, 
with the bulb and stem surrounded by a larger glass vessel G 
containing water, or some liquid whose boiling point is well 
above that of the liquid under investigation, into which a few 
pieces of capillary tube or porous earthenware have been 
dropped. The orifice of the side tube is just immersed below 
the surface of some water contained in a suitable vessel. The 
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stopper D is removed, and the water in the outer vessel is 
boiled. A small stoppered glass bottle is weighed when 
empty, and then filled with the liquid under investigation and 
again weighed* A graduated glass vessel filled with water is 
inverted over the orifice of the side tube CH, after the manner 


of a barometer tube. Then the stoppered bottle is dropped 
down the tube CB into A, the asbestos or glass wool preventing 
a breakage from ^ t ^ 

occurring, and the fto 

orifice I) is im- Ej 

mediately closed. 

The stopper is al- P * 

most immediately 

forced o\it of the H 

little boitlc, and || 

quickly vaporised. || 

The vapour formed ® m 

forces the air in pt W I 

the tube BC before |a| m i 

it, and tins air < I 

collects in Ihe M ^ 

graduated vessel 

V. The volume of ||1 

the air collected in \ ||j 

y, when corrected O /III ((l/i 
for temperature /* I 

and pressure i 

will be emiiil 126.- Victor Meyer’s apparatus for cictermmmg 

23^/ » will DC equal density of an unsaturated vapour. 

to the volume of 


the vapour at the temperature of the bath, and the barometric 
pressure at the time of the experiment. Thus, lx>th the mass 
and volume of the vapour become known, and the density (mass 
of unit volume) of the vapour at the atmospheric pressure, 
and the temperature of the bath, can be directly calculated. 

Density of Saturated Vapours. — ^I'he methods pre- 
viously described are unsuitable for the determination of the 
density of saturated vapours, since, if the bath were kept just 
at the boiling point of the liquid, it would be very difficult to 
seize the exact instant when ihe whole of the latter had become 
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vaporised. Hence it has been found necessary to employ different 
methods in this connection. 


Fairbairn and Tate’s Experiments. — For determining the density 
of saturated vapour?, Fairbaim and Tate in 1 860 used an ingenious method, 
the principle of which may be understood from the following : — 

Let us suppose that a certain weighed quantity of liquid hs placed in 
a closed vessel surrounded l)y a bath, the tempeiature of which can he 
accurately determined. As the temperature of the liatli is raised, more 
and more of the liquid will be evaporated, until at a certain temperature 
the vessel will be entirely filled with saturated vapour, all of the liquid 
having disappeared. If theie was initially a suffiLient quantity of liqiu*l 
in the vessel, the surface of the liquid will remain visible till the cnUv,al 

tempeiature is reached ; 
but if only a small qnar»- 
tity of liquid was used, 
this will suffice to satur- 
ate the space enclosed 
bv the vessel only at 
lower temperatures. 
Kcgnault determined the 
piessure of saturated 
\apouis at various tem- 
per it nies; hence, if if 
\seu‘ found possible to 
determine at what torn- 
Fir. MX-Illusiraw. F.^irbairn nnd Tatf s nieth.,d p^ialure tile last tincc of 
of determumig the densuy of a saturated vapour, * 

the lupnd was VHi>ons(d, 

we should lvin>wlhe mass 
of the saturated vapoui, and the volume which it oceu]>ietl, and its pres- 
$uie could be determined from a knowledge of llie icn)])crature of the 
bath, by the aid of Regnault's tables 

Eye observations of the amount of liquid left un\aporised at any par- 
ticular temperature are not suffiricntU trustwoithy for the require- 
ments of this experiment, as the piescnre of a small undetected 
drop of liquid would thiow the final resuHs considerably out. On 
referring, however, to Andicws’s nuves foi carbon-dioxide (Fig. 94» 
p, 206) an important difference between the behaviour of saturated and 
unsaturatcfl vapours may he noticed. Draw a vcitical line intersecting 
that part of the isothermals representing the relation between the pres- 
sure and volume of the unsaturated vapour. Then the distance measured 
along this line between any two isothermals will be equal to the increase 
in pressure when the unsaturated vapour is heated from the temperature 
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of the lower to that of the higher isothermal. On the other hand, the 
rerlkal distance between the horizontal parts of the same two iso* 
thermals represents llie increase in pressure of the saturated vapour 
between the same limits of temperature. 

It will at once be noticed that thcincrciisc of pressure of the saturated 
vapour is much greater than that produced bya similar rise of temperature 
in the unsaturated vaj)our. Hence the moment that the whole of the 
liquid in a closed vessel is evaporated, a falling off will be observed 
in the rate of increase of the vapour pressure as the temperature of th^ 
bath is raised. 

Let us now suppewe that we arc provided with a couple of glass 
vessels A, 1 ?, connected by means of a lube bent twice at right angles 
(Fig. 127). If the interior of this piece of appaiatiis is exhausted, and 
then mercury is intioducctl into the bent tube, the surfaces will stand 
at the same level. If, now, different cjuantitics of any one liquid 
are introduced into A and B, the level of the mercury suifaccs will 
remain undisturbed, excejrt in so fai as the ])icssiue due to the liead of 
liquid in one tube may differ from tLat in the othet. The pressure in 
both A and B will l>e that due to the saturated vapour ol the same sub- 
stance, and this varies only with the tcnipcialurc. 

On the «)thei hand, if the whole anangement is placed in a bath 
which is gradually heated, a differciue in the meicurj levels wall take 
jdace directly after the wliole()f the liquid in one bulb becomes vaporised, 
provided that some li(]iiid remains in the other. 

If the volume of the bulb containing the smaller (weighed) (piantity 
of liquid is nc( uratcly knowm, and the tempcralurc of the l>atb is noted 
at the instant w^hen a diffeienoc in ilie levels of thc‘ mercury surfaces 
becomes aj'jnucnt, wc possess all the data requisite lor calculating the 
density of the saunalecl vapour at that paiticulat temperature. By 
using greater o? smaller qiianliiie*- of the liquid, higher or lower 
temperatures will be necessary to entiiely vaporise it in the closed space. 

Fairbairn and Tait’s results are not quite trustw'orthy, since condens' 
ation occurs on the svalls ol the vessels. Belter re-»ulis arc obtained 
by indirect methods (see Callcndar, Ihoc. Koy\ Abi., vol. 67, 1900). 

Specific Volume. — By the spctilic volume of a substance, 
vve mean the v^olume occupied by unit mass (one gram or one 
pound) of that substance. 

Fig. 128 represents the general form of the isoihcimal of a substance, 
at and below the critical temperature. The substance will be wholly 
in a state of saturated vapour only at the extremities A, B, C of the 
straight portions AP, BE, CF ol the respective isotheimals. Hence in 
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>' order tBat the specific votmae of th< 
* ’peratures should he determined, the 



Volume 


Fic. 128.— Isothermals of x substance for 
temperature below thecntica) tcntpera- 
ture, indicating the variations in the 
specific volume of the liquid and saturated 
vapour with tempeiature. 

the same value, viz,, 01 . F urther, 
quickly in the neighbourhood 


saturated vapour at various tetn- 
subsiance must be constrained to 
pass through the conditions 
corresponding to the dotted lin«) ' 
ABCK. If the curves (Fig, 138) 
refer to one gram of a sub^^ 
stance, then its specific volume 
at the temperatures correspond* ■, 
ing to the different isothermals . 
will be given by O^, Or, Ok, > 
" ‘x 

Similarly, it may be shown 
that the specific volumes of. 
the liquid substance wdll be ; 
equal to O/, and 0/r. 

It will at once be seen that 
wdiile the specific volume 
of the liquid inci eases with 
the temperature, the specific ^ 
volume of the saturated 
vapour decreases with the i 
temperature. At the critical 
temperature, the specific 
\ Glumes of both the liquid 
and saturated vapour have 
e specific volume varies most, 


of the critical temperature, 
both in the case of the solid 
and of the liquid. 

The specific volumes of 
liquid hydrochloric acid and 
its saturale-d vapour are gra- 
, phically represented in Fig. 
129. These curves are due 
to Ansdell. It will be seen 
that the liquid and saturated 
vapour curves join each 
other at K. This point cor- 
/ responds to tlic critical tem- 
,;i>erattireof hydrochloricacid- 





Fio. 129. — Specific volume! of hydipcblOEio ^ 

iMjid (alt^ AwsdeU)* ‘t'iuvv, /V 
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Summary 

Vapour Pressure.- When a quantity of a liquid or ^olid is placed in 
an otherwise empty enclosure, part of the substance evaporates, and the 
vapour thus formed exerts a definite pressure. This pressure depends 
only on the lemperatuie and not on the volume of the enclosure. If the 
volume of the enclosure is diminished, part of the vapour is condensed, 
and the remainder exerts the same i)ressure as previously. If diflerent 
parts of the enclosure are at different temperatures the vapour pressure 
will corresp<ind to the coldest pait of the enclosure. 

Regnault has determined the vapour pressure of a number of 
siib'stances at vaiious tempeiatures. C^onsequently a measurement of the 
vapour pressure of one of these suljstanccs suffices to determine its 
temperature. 

The pressure of a miirtur^’ of ga*; and vapour is equal to the sum of 
the pressures of the gas and thr vapour for the given volume and‘ 
temperature. (Dalton’s Law of Partial Pressures.) 

The vapour pressure of a solution of a non'volatile Substance in 
water or any other pure liquid is always lover than the vapour pressure 
of the solvent at tlie same tempeiaUire. I'he amount by which the 
vapour pressure is lowered is proportional to the numl>er of dissolved 
molecules. Substances which form electrically conducting solutions 
appear to be dissociated. 

The Triple Point, —If curves be diawn repiesenting for a substance 
fbc relation (i) between temp'rature and vapour pleasure of the liquid, 
(2) temperature and vapour piessure of the solid, and (3) the variation of 
the melting point with pressure, these three curves will nieet in a |)oint. 
This point is termed the triple point. At tlie temperature and pressure 
corresponding to this point, the substance may simultaneously exist in 
equilibrium m the elates of solid, liquid and vapour. At the tempera- 
ture corresponding to the triple point, the substance may boil and freeze 
simultaneously. 

The isothermals of a substance for the states of solid, liquid, 
and vapour will have different forms according as the substance 
contracts or expands on solidifying. 

Hygrometers.— An instrument designed to determine the amount of 
aqueous vapour in a given volume of atmospheric air is termed a 
hygrometer. 

The hygrometric state of the atmosphere or relative humidity is 

measured by the ratio 

Mass of aqueous vapour i n unit vo l. of air at th e observed temperature 
Mass of aqueous vapour necessary to saturate unit volT of air at that 
temperature. 
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Dew Point — The temperature at which the aqueous vapour, actually 
existing in a given volume of atmospheric air, would suffice to saturate 
that volume is called the dew point 

DeW Point Hygrometers — In these instruments a surface is cooled 
down giadually till the deposition of (kw eomnieiues, when thi^ 
temperature of the surface is ohstntd The hygrometne state of the 
atmosphere can then be determined by reference to tables 

In the chemical hygrometer the aqueous % apour in a certain volume 
of air IS absorbed b} a suitable chemu il substance, such as phosphorus 
pento^idt or strong sulphuric acid The mass of v ipour absorbed is 
determined by weighing 

The wet and dry bulb hygrometer consists oi two thcnnomett'‘s, 
the bulb of one being co\trtd with muslin moisteiu cl with water I he 
rate at which witer evapuriles from the wet bulb depends on the. 
hygrometne si lie ot the atniospbeit 

Vapour Densities 1 he density of a vapour mn> be mc'i^.urtd either 
as the misS of unit volume of the \ap nii, or is the ritio the ma*- of 
a (trlam vcdiiuu of the vipc ui it a partuulir temperatuu, t) the miss 
of an equal volume of dr) ui, it ihc sam tcmpcixtuu ind stindnd 
atmospheric pressure 

Gay Lussac detennimd the density ot unsatuiatel vapours by 
observing the volume which a known mass of the vtpmr occupied 
whtn uitroluc^d into tiu spiee it the top >1 i birom ki tube 

Dumas determined the derisitv of unsaliii itfd vapoius b) filling a 
bulb ol Known volume with the v ipenii luel then w tr,liinp 
Victor Meyer de tciinim d \ ip )iu dm itv bv in asunng tnc volume of 
air displaf ed bv the v ipour using a s[ eial ippaiatus 

Density of Saturated Vapours I^att b nt n an 1 J au expu itm nt 
The fact thd the prcssuic of a situiittd v ipour increases more 
rapidl) withtlie. teiiijicrxlure thnn iht pic‘-sLue >f in unsal male d \ ipour, 
cm hi. seen b) referring- to Vridu wss curves for e nb >n diOMcle 1 his 
fact w is utilised by 1 iirbiirn and T ite to determine Iht instant st which 
a weighed miss of liquid hie’ been entiiely converted into satui itcd 
vapt>ur, filling i known volume 

The specific volume is the volume of unit miss of a •'ubstance 
The specific volume of a liquid in reuses with the temperature 
The specific volume of a saturated vapour decicases with the 
temperature 

At the critical point the spenfie volume of a liquid and its 
saturated vapour are eqiiil 

Qifsuons o\ CjiAniR X 

(i) Explain a roe thod of measuring the vapour pressure of a liquid at 
relatively high temperatures. 
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(2) Define the hygronietric slate of the atmosphere, and explain bow 
it may be determined. 

(3) Whgt is meant by an isothermal curve? Indicate the form of 
such a curve (f/) for a jjas, { 6 ) for a vapour, Ilow is the work done in 
compressing the gas or vapour shown on the indicator diagram? (For 
last part of question, sef Chap. XVII.) 

(4) What do you understand by an isothermal curve ? Indicate the 
form of such a curve {a) for a mass of dry gas at 15'’, {/}) for the same 
gas whtm saturated w'itli water vapour. 

(5) Describe some method of measuring accuiately the vapour pres- 
sure of a liquid at various tcmjjeratures. 

(6) Define the triple point. Draw figures showing the three lines 
which meet in the point (l) when the solid is less dense ; (2) when if is 
more dense tlran the liquid at the same teniper.it ure and pressure. 
Indicate cleaily in each r.isc wd'il parts of the diagram are allotted to 
eai’h of the three slates. 

(7) Define the dew point, and explain how to find the mass of 
aqueous sapoiir present in a given \olinnc of air. 

(8) Distinguish tictween a gas and a vapour, iicw would ytiii show 
that the pressure of a mixture of gases and v<ipoiiis lielw'cen which 
there IS no cherniral action is equal to the sum of the piessures w'hich 
each would severally exert if alone present ? 

(9) Two liquids, A and It, arc introduced into two baronioler tubes, 
the temperature of each lieing the same. It is noticed (l) that in both 
case.s a little of the liquid does not cvapoiate; (2) tliat the nicteury' in 
the tube containing A is more depressed than that in the tube into 
which IJ was introduced. Wliirh liquid would you expect to have the 
higher boiling point ? Give reasons for your answer. 

(10) What IS the meaning of the term “ Relative Humidity,” or 
“HygioTTutnr state,” as applud to the atmospliere? (ave a short 
desciiptioii of the inslTinnents that are rommoiily employed for finding 
the state of the air with respect to inoisture, 1 he dew piniit on a certain 
day b(‘mg found to he 12” C., and the temperatmc of the air being 

C., find its humidity, given that the maximum pressure of aqueous 
vapour at 12'' is equivalent to cm. of mercury, while that at 16** 
is 1-364 cm., and that at 17 ^ is 1-442 cm. 

(11) W'hal IS meant by the maximum vapour pressure of a liquid at a 
given temperature? Describe a method by which it has been measured 
for water. 

(12) How would you experimentally determine the vapour tension of 
ii^cohol at different temperatures ? 

(13) Define the hoar-frost line, the ice line, and the steam line. 
Show that they meet at a point, and how to calculate the angles at 
M»bich they meet* 
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(14) Give an account of the deviations from Boyle^s Law exhibited 
by different gases. Assuming Boyle’s Law to hold, find the weight of 
dry air in a vessel containing 300 c.cs. of air saturated with aqueoiaS 
vapour at 20” C, and subject to a total pressure of 7374 cms. of 
mercury ; the density of air at 0“ and 76 cms. being 0*001293 gr./c.c., 
and tire pressure of aqueous vapour at 20“ being i *74 cm. of mercury. 

(15) State Dalton’s laws of vapours. 

On a day when the barometer is 760 mms, high, the temperature of 
the air is 20" C., and the relative humidity is 0*5 ; what fraction of the 
whole pressure of the air is clue to water vapour? The saturation 
pressure at 20“ is 18 mms. 

(tO) Distinguish between saturated and nori-saturaled vapours. 

Describe some form of hygrometer, and ix)int out any defects in the 
instrument described. 

(17) A mixture of air and of the vapour of a liquid in contact with 
excess of the liquid is contained in a vessel of constant volume. At a 
temperature of 15' C. the pressure in the vcssid is 70 cms. of meicur}*, at 
30® C. it is 88 cms., at 45® it is no cms., and at 60" it is 145 cms. 
Assuming that at 15T. the vapour pressure of the liquid is 15*4 cms., 
calculate the va|K>ur pressure at 30®, 45®, and 60° C. 

(18) A body expands on solidifying. Draw and explain the isothermal 
curve for a temperature at which the body can exist (under proper 
conditions of pressure) in the solid, liijuid and gaseous state. 

Practical. 

(1) Find the dew fXjini by a Kegnault bygromeler, and calculate the 
density of the air at the place of cxjieriment (dcii.sity of dry air at o“and 
760 mms. = 0*001293, density of water-vapour “ jj density of dry air). 

(2) Determine the dew point, and deduce by the aid of tables the 
w'eighr of water in a litre of the air of the room, 

(3) Find tlie vapour pressure of water from 80® to 100®. 

(4) Measure the vapour pressure of the air in the laboratory by means 
of a chemical hygrometer. 



CHAPTER XI 


MECHANICAL CONSIDERATIONS 

In the ensuing chapters, attention will be directed to tht 
connection between heat and mechanical work. As a prelimin- 
ary, a short sketch will here be given of some of the most 
important principles of mechanics. We will commence with a 
consideration of the units of measiuement. 

Primary Units. Length- The scientific unit of length is 
the teniimetrey being one hundredth part of the distance (one 
metre) between two marks on a platinum bar, preserved at Paris. 
The metre was originally defined as one ten-millionth of an 
earth quadrant ; i.e. one ten-millionth of the distance, measured 
along a meridian on the surface of the earth, from the pole to 
the equator. This definition is, however, of little importance \ 
the meti c may be taken as an arbitrary length defined by the 
' distance between two marks on the standard bai mentioned above. 

The English unit of length is the foot. 

The scientific unit of mass is the gravty and is 
defined as the mass of one cubic centimetre of pure water, at 
the temperature of its maximum density, ?>., 4' C. For many 
purposes it is sufficiently accurate to take the gram as the 
mass of I cx, of water, irrespective of the temperature. 

The English unit of mass is the pound. 

Tlie scientific unit of time is the second. It is 
primarily defined from astronomical data w'hich will not be 
considered here. For ordinary physical (as distinguished from 
astronomical) calculations?, time may be measured by an 
ordinarily good watch. 
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Derived Units, When a body is moving 

uniformly so that in equal intervals of time it passes over 
equal distances in the same direction), the velocity is measured 
by the distance traversed in one second. 

If the body moves uniformly through 5 centimetres during 

t seconds, then its velocity will obviously be equal to - cms. 

per second. Velocity may be defined as rate of change of 
position. 

The velocity of a body may vary as follows : — 

(1) It may vary in magnitude, remaining constant in direction* 

^ Example, A stone falling towards the earth. 

(2) It may remain constant in magnitude, but vary in 
direction. 

Example, The motion of any giv^n portion of the rim of a 
wheel, which is revolving uniformly. 

(3) Both of these variations may occur simultaneously. 
Evample. The motion of the bob of a pendulum. 
Instantaneous Velocity. — The velocity of a body which 

is not moving uniformly is measured as follows. Let dx be the 
distance through w^hich the body moves, in a time dt so short 
that the velocity may be consideied to have remained constant 
during that interval. Then the velocity of the body, at the 

instant under consideration, — 

’ dt 

Acceleration.-* The rate of change in the velocity of a body 
is termed its acceleration. 

If a body, initially at rest, is found, after an interval of one 
second, to be moving with unit velocity (/>., i cm. per second), 
then the acceleration is equal to one centimetxe per second in a 
second, or 1 cm./sec.2 

Generally, if the velocity of a body, at a certain time /, is 
equal to v cms. per second, whilst at a time t -f dt the velocity 
has increased iov + dv cms. per second, then the acceleration 

, . . ^ dv , ^ dv dh 

/isequalto^. = 

Pore©. — ^According to the system of mechanics introduced 
by Newton, the velocity of a body cannot be altered without the 
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application of a force. In other words^ force is that which 
changes, or tends to change, the velocity of a body, 

Newton^s first law of motion may be stated as follows : — 

A body will continue at rest, or moving uniformly in a 
straight line, unless acted on by an extraneous force. 

The Unit of Force, called the Dyne, may be thus 
defined : —If a mass of one gram is acted on by unit force^ then 
the velocity of the body will increase at the rate of one cm. per 
second in each second. 

The method by which this unit is introduced into calculations 
will be made clearer by an example. 

A body, of which the mass is one gram, is allowed to fall from rest 
under the action of gravity. What distance will the body describe in t 
seconds ? 

Let ^ ~ the acceleration due to gravity, i.e., the force exerted by 
gravity on a mass one giam ; then, according to the definition just 
given, this force acting on a gram would communicate to it a velocity 
of ^cms. ]>er second at the end of one second ; 2i^'*cm&. per second at 
the end of two seconds ; and tg cms. per second at the end of 
i seconds. But the average velocity of the body tiuring these / seconds 
would Im' 

o \ te 

— - " “ ^ second. 

Since the body has been moving with this average velocity during ( 

ic 

seconds, it will have moved through t x ^ cms. in that time. 

Statical experiments show that gravitj" exerts on two grams 
of matter a force t\vice as gi eat as t Jiat on one gram . F urther, 
a well-known experiment shows tliat a com and a feather 
fall at the same rate when in a vacuum. That is to say, after t 
seconds a feather will have acquired the same velocity as a 
coin, if both iall from rest in a vacuum. Now, m grams will 
be acted on by a force mg, but tliis force has to move m grams 
of matter. In order that the velocity acquired in t seconds 
should be independent of m, we must assume that the velocity 

generated in m grams of matter by a given fone,f is S of 

m 

that which would have been produced by the same force acting on 
one gram of matter. 
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Thus, force of gravity acting on ipt grams ** tng dynes* 
Velocity generated by this force during t seconds = — gi. 

Let a the acceleration (rate of change of velocity) of a body. 
If the mass of the body were equal to i gram, the force 
acting on the body would, by definition, be equal to a dynes. 
If the mass of the body is equal to m grams, then the force 
must be equal to ma dynes. In other words, force =*= mass X 
»ate of change of velocity. 

Momentum. — The product of the mass of a body into the 
veloiity with which it is movinf*^ is called the mopnentum of the 
body. 

Let m be the mass, and v the instantaneous velocity of a 
body. 

Then, foice acting on body ~ ph x rate of change in 7/. But 
since the mass of the body is constant, wc may write force ^ 
rate of change in {ppiv) = rate of change of momentum. 


Example. A mass of Mj giams is attached, by means of a flexible 
^nd incxtensihlc cord passing over a frictionless pulley, to a mass of 
grams lying on a perfectly smooth table. (My can thus move over the 
table without any frictional force being excited ) With what velocity 
will the masses be moving after t seconds if, when the cord is tight, Mj 
is allowed to fall from lest ? 

Foice on M, = dynes. 

This force would pioduce a velocity of Mix’/ cins. ptr second at tlie 
end of t seconds if acting only on one giam. But both masses must 
move with the same \elocity, and lienee the above force must move 
(Ml + Mg) grams. 

. • . Velocity generated in t seconds — - • 

^ ^ Mj + Ma 

Space moved through by either weight irj t seconds = 


\ 






M, + M, ’ 


Example. Two bodies of masses equal to Mj and Mg (where Mj Mj) 
are hung by an inextensiblc and flejcible cord ovei a frictionless pulley. 
What will be the velocity of either body after t seconds, and wliat space 
will it have de.scribeci ? 

Force of gravity acting directly on Mj ~ dynes. 

i» ») Mjj 5= M2X’ »» 
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But the force actiug directly on either body is transmitted by means of 
the cord to the other body. Hence resultant force on 
acting downwards. 

Resultant force on M2 = M]^) acting downwards, or ~ 

acting \ip wards. 

Hence the force (Mj - has to move Mj + Mj grams of matter. 

Therefore velocity of either body after t seconds =s 


cms. per second. 

M1 + M3 


Space covered by either in t seconds. 


Mi + 'M' 


Work and Energy. — Whett a body, acted on by any forces, 
is moved from one position to another, the product of the com-^, 
pone nt force opposing its motion, into the distance through which 
the body is moved, is defined as the work performed on the body. 

Unit of Work. — The work performed when a force of i 
dyne is overcome through a distance of i cm. is called an erg. 

When a force of /dynes is overcome through a distance of d 
cms., the work performed will be equal to fd ergs. 

Let us apply this definition to the case of a body of mass m, raised, 
against gravity, through a vertical distance of /i cms. The force acting 
on the body - where as j>rcviou&ly defined, has a value of about 
981 cms. per second per second. Hence work performed = Mgh. 
The body is wiid to possess, at this second position, an amount of 
potential energy = Vlgh ergs, with respect to its initial position ; or, 
otherwise slated, the potential energy of a body of mass M is increased 
by ergs, when it is raised through a distance of h cms. against the 
force of gravity. 

Now let the body fall freely. When it reaches its initial position, it 
will have fallen through a distance k = where t is the time taken 
in falling. But the velocity, v, of the body after this interval = 
Hence, since = g x gf^ ~ 2gh, we have the following relation 

Ugh = iUv\ 

This is a most important relation, and its meaning should be 
carefully studied. The left-hand side of the equation is equal 
to the work performed in moving a body from one point to 
another, through a distance h, against a force equal to 
which, if unopposed, would cause the body to move in the 
opposite direction ; in other words, it represents the difference 
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in the potential energies possessed by the body at the two 
points. The right-hand side of the equation represents a 
function of the mass and velocity of the body, to which the 
term Kinetic Energy is applied. The above equation may 
theiefore be expressed in words as follows : — 

The kinetic energy which a body will acquire in falling 
freely from one position to another^ is equal to the difference 
between the potential energies possessed by the body at those 
positions. 

In defining the work performed in moving a body from one 
position to another, as equal to the pioduct of the force resisting the 
motion of the body, into the distance through which it is moved, 
nothing is said about the force which produces the motion of the 
body. This must of necessity be slightly greater than the 
resisting force, otherwise the body would not begin to move. 

Now' we may define the product of the force exerted on the 
body by an external agent, into the distance through which the 
body is thereby caused to move, as the work performed by the 
agent. 

If the work performed on a body when it is moved through 
any distance against a lesisting force is taken to be positive, 
the work performed by an agent, as defined above, may be 
given a negative sign. In one case the force and the distance 
moved through have opposite signs, whilst in the other case the 
signs are similar. 

If the force excited by the agent in moving a boily is uniformly 
greater than the force resisting this motion, the excess of the woik per- 
formed by the agent, over the w'oik performed on the body, will be 
spent in communicating kinetic energy to the body. Thus, if F ==■ the 
force exerted by the agent,/ =r the force resisting the motion of th^ 
body, k =5 the distance moved through, and M = the mass of the body, 
supposed to be initially at rest, then the velocity of the body after 
having been moved through the h cms. is given by v in the equation 
F/i = /A + iMz/S. 

Units of Work. — The following units of work are used : — 

An erg is the work performed in overcoming a force, equal to I 
dyne, through a distance of i centimetre. 

A centimetre- gram is the work performed in overcoming a force 
equal to tliat exerted by grarfty, at a particular place, on a mass ot 
I gram, through a distance of i cm. At places where g = 981, 
t centimetre-gtam = 9^1 
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A metre-kilogram is the work performed in overcoming a torce 
equal to that exerted by gravity on a mass of i kilogram (1,000 grams), 
through a distance of i metre (100 cms.). If ^ » 981, 

1 metre kilograin = 1,000 x 981 x 100 « 9*81 x lof crg^. 

A foot-pound is the work performed in overcoming a force equal to 
that exerted by gravity on a mass of i pound through a distance of I 
foot. 

Taking i inch = 2*54 cms., i lb. = 453*6 grams, it may be seen 
'/'/ 'that 

\ 1 ft. -lb. 453*6 X 9S1 X 12 X 2*54 =* 1*337 x 10^ ergs. 

A foot-poundal is the work performed in overcoming a force of I 
, poundal through i foot. 

I ft. -lb. = 32 ft.*poiindals. 

When kinetic energy is expressed by . ^ 

E = § Uv\ 

the result will be measured in fi.^poundals or in ergSy according as the 
English or the metric system is used. 

Kinetic energy, measured in ft. -lbs. = . 

M is measured in lbs., v in ft. per second, and - 32 ft. /sec,* 

Power is defined as rate of performing work. If 33,000 ft. -lbs. of 
work are performed in one minute, then the rate of performance of work 
is defined as one horse-power. 

In the e.G.S. (centimetre, gram, second) system, the unit of power 
is one erg per second. 

One watt =3 10^ ergs per second. One horse-power = 746 watts. 
Summary 

The velocity of a body at any instant is defined as the distance 
through which the body would travel in one second, if it continued 
“ moving as the instant under consideration. 

Acceleration,— The rate of change in the velocity of a body is 
i: termed its acceleration. 

Momentum,-— The product of the mass of a body into the velocity ' 
iW-ith which it is moving at any instant is defined as the momentum of 
the body at that instant. 

The resultant force acting on a body is measured by the rate of, - 
change of the momentum of the body. 

The dyne is the unit of force in the C.G.S, (centimetre, gram, 
Second) sy^stem,, This force would increase the velocity of one gram of a 
^ wuttter by one cenUmeti* per accon^ iirt ca^ , . \ : ' 
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The poundal is the unit of force in the English system. It would 
..increase the velocity of one pound of matter by one foot per second in 
each second. 

Force of gravity on one gram of matter = 981 dynes. 

Force of gravity on one pound of matter = 32 poundals. 

Work is measured by the product of the force opposing the motion ' 
of a ^dy into the distance, parallel to that force, through which the 
body is moved. • 

An erg of work is performed when a body is moved through one 
centimetre against a force of one dyne. ' 

A foot poundal of work is performed when a body is moved through 
one foot against a Force of one poundal. 

A foot-pound of work is performed when one pound is raised 
against the force of gravity through a distance of one foot. 

Kinetic Energy is the name given to the product of half the mass 
of a body into the square of the velocity with which the body is moving 
Or, kinetic energy s= ^ 

Potential Energy.— -When work is performed in moving a body 
from one position to another, against a force which would cause the body 
to move in the opposite direction if alone acting on it, the potential 
energy of the body is said to be increased by a quantity equal to the ' 
work performed. 


Questions on Chapter XI. 

(1) Define the terms energy and work, and explain how, first, the 
kinetic, secondly, the potential, energy of a falling body is measured. 

(2) What is meant by energy of position, and by a foot-pound ? 

' A reser\'oir of water, of area 330,000 sq. feet, i,s initially of uniform 
depth 10 feet. How many ft. -lbs. can it supply to a turbine on a level 
with the bottom of the reservoir, and what horse-power can it maintain 
on the average if it is emptied in 10 hours ? 

I cubic ft. of water weighs 62*4 lbs; i horse-power i.s 33,000 ft. -lbs. 
per minute. 
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THE FIRST LAW OF THERMODYNAMICS 

Theorios of Heat.— In the earlier theories, heat was con- 
sidered to be an elastic fluid which material bodies could, so to 
speak, absorb, their temperatures being thereby raised. This 
explanation is tolerably sufficient as ffir as calorimetric ex- 
periments are concerned, although we have already had occasion 
to remark that a very different conception will simplify the ex- 
planation of many interesting phenomena. It now, however, bc:- 
comes necessary to inquire more carefully into the nature of heat. 

Curiously enough, an experiment with which savage tribes are 
familiar throws a flood of light on the subject. That two bodies 
when rubbed together become warmer is a phenomenon with 
which every one is familiar. Savages manage to obtain a suf- 
ficient rise of temperature, by rubbing two pieces of wood' 
together, to produce ignition. Now this means that, during the ' 
rubbing, a certain quantity of heat has made its appearance ; ; 
and unless v c assume that the heat is squeezed out of one of the 
bodies, much as water may be squeezed out of a sponge, it 
becomes difficult to account for such a phenomenon. 

Francis Bacon, Baron Veriilam (1561-1626), seems to have 
been the first to attempt a systematic examination of the , 
various facts known in regard to heat, in order to form a 
rational theory by which the facts might be explained. After 
carefully considering a large number of mechanical methods, 
by which heat could be produced, he reached the conclusion/ 
that heat is inseparably connected wdth motion. 

Oalorio.— Up to the beginning of the nineteenth century, ' 
philosophers for the most part considered heat to consist of ahV, 
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elastic fluid, which they termed caloric. In order to account for 
the flow of heat from hot to cold bodies when placed in contact, 
this fluid was supposed to possess the property, that different 
parts of it repelled each other. To account for the difference in 
the specific heats of different bodies, matter was supposed to 
possess an attraction for caloric, which varied with the chemi- 
cal constitution of the body. Further, caloric was considered 
to be indestructible. Hence, caloric lost by one body was 
always gained by some other body or bodies. As to whether 
caloric possessed weight, opinions wove divided, till in 1799 
Count Rumfoid performed a scries of delicate experiments, 
leading to the conclusion that ‘‘all attempts to discover any 
effect of heat upon the weights of bodies will be fruitless.’^ 

Certain philosophers considered that it was necessary to 
assume the existence of other elastic fluids, similar in many 
respects to caloric, but differing in their nice haniral and thermal 
effects on bodies. Tlius, the expansion of ire on fjcczing W'as 
by some accounted for by assuming the introduction of a fluid 
termed fri^orific. 

Heat produced by the CompreBsion of a Gas. - 
Everyone wdio has inflated a bicycle t>rc will piobably have 
noticed that the end of the pump nearest to the tyre becomes 
healed during the operation. In this case, heat is produ< cd by 
the compression of the air in the pump. That heat is produced 
during the compression ot a gas was first noticed by Cullen 
an<l Darwin . 

The Fire Syringe. — This urtnunent consists of a cylin- 
drical glass tiilie closed at one end, and fitted with an air-tight 
piston. In order to exhibit the effect of the heal })ioducccl when 
the contained air is compressed, a piece of cotton-wool moistened 
with carbon bisulphide is thrown into the tube and then re- 
moved. by this means the lube is left filled woth a mixture of 
air and carbon bisulphide vapour. On suddenly pressing the' 
piston inwards, this mixture is compressed, and the flash of light 
which is seen indicates that a sufficiently high temperature has 
been attained to ignite the inflaminalfle vapour. 

Dalton*s Experiments. —Dalton was the first to measure 
the rise in temperature producecl by corny crossing air. He 
concluded that w'hen a given quantity of air is compressed to 
half its volume, a rise of 50' F. (27*8=' C.) is produced. 
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Dulong confirmed this result, and showed that the rise in, 
temperature for a given compression is independent of the 
nature of the gas experimented on. An expansion of a gafe is 
attended by a corresponding fall in temperature. 

Count Rumford’s Experiments.— In 1 798 whilst engaged 
in superintending the boring of cannon at the naval arsenal at 
Munich, Count Rnmford (1753-1814) was impressed by the 
high temperature of the metallic chips thrown off. The 
calorisls, of course, were familiar with the fact that beat is 
produced when two bodies are rubbed together ; they explained 
this by stating that during the process, the particles of the 
blodies are pressed (loser to each other and caloric is thus 
extruded : and, further, that the specific heat of a substance in 
a slate of fine division is less than that of the same substance 
when in large masses. Neitlier of these statements appear tO'-' 
have been founded on any special experimental evidence. 

To examine the matter further, Rnmford mounted a cylin-r 
drical mass of gun metal so that it could be rotated by horse* 
power, and pressed a blunt borer against one of its ends. A 
flannel covering was provided to prevent loss of heat, whilst a 
thermometer, placed in a small hole bored for the purpose, 
served to indicate the temj^eratuie of the mass. 

After 960 revolutions had been made, it was found that the 
temperature had risen from 60" F. to 130'^F. The metallic dust 
abraded was found to weigh 837 grains Troy. “ Is it possible,” 
he wrote, *‘that the very considerable quantity of heat produced 
in this experiment (a quantity which actually rais(',d the tempera- 
ture of ab(we 113 lbs. of gun metal at least 70 degrees of the 
"Fahrenheit thermometer, and which, of course, would have 
been capalfie of melting lbs. of icc, and of causing near 5 lbs. 
of ice cold water to boil), could have been furnished by so in- 
considerable a quantity of metallic dust, and this merely in, 
consequence of a change in its capacity for heat ? ” 

Rumford further convinced himself that the specific heat of 
the metal employed was sensibly the same, whether that metal, 
w^as in larg^e masses or in the state of chips. He concluded 
that there was no reason to suppose that the same metal, 
when reduced to a state of finer division by the action of a 
blunt borer, would have its specific heat altered to any great 
, extent. 
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The ' most cogent reason urged by Rumford against the 
calorists, was that there appeared to be no limit to the amount 
of heat that could be produced by friction. Unless a body is 
considered to initially possess an infinite store of caloric, it 
would appear rational to suppose that the amount which could 
be extruded by pressing the particles closer together must be ^ 
limited. On the other hand, Rumford found that the evolution 
of heat was as brisk at the end as at the beginning of the 
experiment. 

Rumford also found that if the metal cylinder was immersed 
in water, the latter could be boiled by the heat pnoduced^w^en 
the cylinder was rotated with a blunt borer pressed against its 
end. 

It is hardly necessary to add,” Rumford concluded, “ that 
anything which any insulated body or systemi of bodies can 
continue to furnish without Iimitatio?i cannot possibly be a 
material substance ; and it appears to me lo be extremely diffi- 
cult, if not quite impossible, to form any distinct idea of any- 
thing capable of being excited and communicated in the manner 
the heat was excited and communicated in these experiments, , 
except it be Motion.” 

Davy’s Experiments. — In 1799, Humphry Davy (1778- 
1829) published a work entitled, " Essay on Heat and Light 
and Combinations of Light,” in which the theory of caloric was 
once for all disproved. 

He states that he procured two pieces of ice, and fastened 
these by the aid of wire to two metal bars. The ends of the 
two pieces of ire were placed in contact, and rubbed together / 
violently by the aid of suitable mechanism. After a short time : 
nearly all of the ice was melted, and the resulting w'ater was 
found to have attained a temperature of 35"' I'. 

Further experiments were performed, in which the blocks of 
ice were rubbed against each other in a vacuum. 

Now there is no question that a considerable quantity of heat 
must be communicated to a mass of ice at o'’ C., in order that it 
may be converted into water at the same temperature. That 
heat is capable of being squeezed out of the ice, or that the 
specific heat of water is less than that of ice, are both alike in- 
admissible explanations of this experiment. Further, the con- ^ 
elusion ^reached by Davy, that any quantity of ice could be 


xn THE FIRST LAW OF THERMODYNAMICS 869 

^ ' '' ' li- I .I- . . ( ■ f . ,11 

melted by a sufficient amount of rubbing, must be taken to con- 
firm Rumford^s statement, that an unlimited supply of heat can 
be obtained by rubbing two bodies together for a sufficient time. ' 
Hence the idea that heat is a fnaterial or quasi-material fluid 
must be finally abandoned. 

"W^ork and Heat. — Let us, for a moment, consider the ex- 
periments of Rumford and Davy from a slightly different stand- 
point, In both cases bodies pressed against each other were ' 
maintained in relative motion, and in both cases the friction 
between the bodies opposed their relative motions. In other 
words, the moving body was kept in motion against an op- 
posing force. But this means that work was being performed. 
The question now naturally arises, is there any relation between 
the vvoik performed and the heat produced. 

This question was for the first time answered in a perfectly^ , 
satisfactory manner by Joulc,^ of Manchester, as a result of 
experiments commenced in 1840. 

In 1842, J. R. Mayer, of Heilbronn (1814-1878), stated that 
there was a strict equivalence lietween the work performed and 
the heat produced in any particular circumstances. He even 
calculated the value of the work which would suffice to raise 
the temperature of a given quantity of water through a given , 
number of degrees. His conclusions, however, were founded 
on certain assumptions which have since been proved to be 
only approximately true, and which were, moreover, not 
generally accepted at the time when Mayer published his 
statement. Other physicists had grasped the idea of the 
equivalence of heat and energy prior to the time at which Joule 
published the results of his classical researches; but in all of 
these cases the conviction entertained had more or less of the 
nature of a plausible assumption, whilst Joule's conclusions 
were based on experimental evidence of the most conclusive 
and unimpeachable character. 

Before proceeding to consider how the equivalence between 
energy and heat was proved by Joule, a recently devised 
experiment, which can be performed by the student liims<df, 
will be described. It illustrates the essential principles under- . 
lying all such investigations, and suffices to determine the 
amount of energy equivalent to unit quantity of heat, with 
an error not exceeding one per cent. 

,* Taiaes Prescott Joule (1918-1889), , a pupil of Daltou; couducted a series of 
lUamueu^alquanUtutive resear^^ 00 pbeuomeoa.aBd kinetic tkeoty^,; 
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result that more of the weight B is taken by the spring, and less by the 
ribbon ; hence the ribbon automatically becomes more slack, and the 
frictional force called into play diminishes. 

Let M be the mass of the weight A and the brass hook to which it is 
attached ; and let be the mass of the weight B and the frame- 
work which carries it, while fn^ is the reading ^ of the spring balance, 
which gives the weight supported by the spring S. Then the 
force opposes the rotation of the drum, while the force (Wj - 
assists it ; hence the resultant opposing force is equal to (M - wq + 
and if this is multiplied by the product of the circumference of the drum 
and the numljer of revolutions completed in a given time, we shall 
obtain the work done in that time. 

The drum weighs about 700 grams, and as the specific heat of brass 
is roughly equal to 0*1, the water equivalent of the drum is about 
70 grams. Four hundred and thirty grams of water are introduced 
into the drum, so that the water equivalent of the drum and its 
contents is 500 grams. The bulb of a bent thermometer dips into the 
water, so that the rise of temperature can be accurately observed. The 
rotation of the drum keeps the water well stirred. 

A revolution counter rings a bell at the end of every hundred turns of 
the drum, and if the thermometer is read every time the bell rings, 
it will be observed that api)roximately equal rises of temperature are 
produced ; hence, since the work done in a hundred turns is always 
the same, equal amounts of work produce equal quantities of heat, or 

the work W done is proportional to the heat H 
produced. Hence if we divide W by H, we obtain a constant 
giving the number of units of work which are equivalent to unit 
quantity of heat. The ratio W/H is called the mechanical 
equivalent of heat or Joule’s equivalent, and is denoted 
byj. 

An accurate value of J can be obtained by taking the following 
precaution. To eliminate loss of heat, the initial temperature of the 
water is made as much below the temperature of the room as the final 
temperature will be above it. 

Joules Experiment. — The method used by Joule m his 
determination of the mechanical equivalent of heat is essenti* 
ally similar to that employed in the foregoing experiment. 

A quantity of water was contained in a copper vessel AB, 
Fig. 135, of peculiar design. This vessel was fitted with a water- 
tight lid, provided with two apertures, a central one through 

1 An index shows the weight supported by the spring balance ; this is not showiv 
in Fig. 130. See Fig. 131. 
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which passed a spindle, and an eccentric one through which a 
sensitive thermometer could be inserted. The spindle carried 


eight sets of radial arms, which 
were so constructed that they could 
just pass through apertures cut in 
four radial vanes attached to the 
inside of the containing vessel. 
Fig. 132 is reproduced from a photo- 
graph of the actual vessel used by 
Joule ; this is now preserved in 
the science collection at South 
Kensington Museum. 

Consider for a moment what will 
happen when the vessel has been 
filled with water, and the spindle 
is rotated. A bodily motion will 
be communicated to the water by 
the moving arms. Almost im- 
mediately, however, the water will 
be brought to rest after impinging 
against the fixed vanes. As in the 
previous experiment, the kinetic 
^energy possessed by the moving 
water will thus be converted into 
heat. 

The method used for setting the 
radial arms in motion, and measur- 
ing the work performed, is shown 
in Fig. 133. The spindle was at- 
tached to a drum /J round which 
two pieces of twine were wound 
side by side, in such a manner 
that both left it at the same level, 
but at the opposite extremities of 
a diameter, so that when equal 
forces were applied to the two 
pieces of twine the spindle was 
caused to rotate. The pieces of 
twine were wound round discs a, a, 
supported by means of axles 
mounted op friction wheels dd^ dd 



Fig. 132. — Joules's calorimeter. '* 
with the stationary vanes ano 
the movable arms raised so as 
to be exposed to view. (From 
a photograi^.) 
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Leaden weights were hung from strings wound round the 
rollers which were connected with the discs a. 

Supposing the weights to have been raised to their highest 
level, and the temperature of the water in AB to have been noted, 
the subsequent procedure was as follows. The weights were re- 
leased, and the paddles set in motion. The work done in any 
interval of time will be equal to the sum of the products of the 



Fig. 133. —Joule’s arrangement for determining the mechanical equivalent of heat. 
(The calorimeter AU, with the spindle, &c., are separately shown in Fig, 13a.) 


forces acting on the weights into the respective distances 
through which they have fallen. When these weights had 
reached the ground, having fallen through known distances, 
the temperature of the water in the calorimeter was again 
noted. The drum f was then detached from the spindle 
by removing the pin and the weights were again raised 
to their highest level by turning the handle at the top 
of f. The pin p was then replaced, and the above procedure 
repeated. 

A mercury thermometer reading to 5 C. was used to in- 
dicate the temperature of the water in the calorimeter. 



XII THE FIRST LAW OF THERMODYNAMICS 275 


In a particular experiment, the mass of both the weights e, e, was 
26,320 grams, and each fell through a distance of i6o'5 cms. twenty 
times in succession. The work performed was then equal to 

20 X 1 60 ‘5 X 26,320 X 981 = 8 ‘287 X 10^® ergs. 

The water equivalent of the calorimeter AB and its contents was 
6316 grams, and the rise in temperature during the experiment was 

•3129° c. 

Hence the heat produced = 

6316 X *3129 =s 1977 calorics. 

. ^ _ Work performed _ 8-287 x 10* 

Heat produced 1-977 X lo* 

41-9 X 10* = ergs per calorie. 

Corrections. — Experiments were performed to determine . 
the magnitude of the corrections for the following sources of 
error. 

1. Cooling of the calorimeter. — The rale of change of the 
temperature of the calorimeter and its contents was determined 
immediately before the commencement, and again immediately 
after the conclusion, of an experiment. Thus the rate at which 
heat was gained or lost by radiation or convection could be 
determined. For method of applying this correction see 
p. 131. 

2. Velocity of weights on reaching the floor, — The above cal- 
culation is made on the assumption that all of the work per- 
formed is used up in heating the water. If, on the other hand, 
the weights reach the floor whilst moving with an appreciable 
velocity, the kinetic energy which they possess the instant before 
they are brought to rest must be subtracted from the total work 
performed, in order to obtain the work utilised in heating the 
calorimeter. In Joule’s experiments, the final velocity of the 
w'eights was about 6*16 cms. per second. 

3. Elasticity of the cords. — The cords were initially stretched 
by the weights hung from them, so that they contracted 
after the weights had reached the ground, thus causing a 
further small rotation of the paddles, and a further evolution 
of heat. 

4. Friction of the pulleys. — The force necessary to maintain 
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the weights moving uniformly, when impeded only by the friction 
of the pulleys, &c., was determined by disconnecting the drum f 
(Fig. 133), and arranging that the fall of one weight should neces- 
sitate the raising of the other. Small masses of metal were 
then added to one of the weights till a uniform velocity 
equal to that attained in the experiment was produced. 

5. Enerf^y lost from vibrations . — A humming sound was pro- 
duced by the motion of the paddles, and the energy which was 
thus radiated in the form of sound waves was estimated. 

Rowland’s Experiments. — In 1879, H. A. Rowland, of 
Baltimore, U.S.A., published an account of a careful repetition 
of Joule's work. The weak points in Joule's determination 
of the mechanical equivalent were as follows : — 

1. Joule’s mercury thermometer was not compared with an air 
thermometer, so that the measurements of temperature were not 
quite certain {see Chap. II.). 

2. The whole rise in temperature during a single experiment 
was small. 

3. It was assumed by Joule, on the authority of Rcgnault, 
that the specific heat of water between o'’ and 100" was constant 
{see Chap. VI,, p. 135). 

The method used by Rowland may be understood from an 
examination of Fig. 134. The calorimeter A was attached to a 
vertical shaft BC, which in its turn was fastened to a torsion wire 
CD. A horizontal arm attached to the shaft BC, carried weights 
7£/i, Ti/j, which could be moved so as to vary the moment of 
inertia of the suspended parts. The shaft BC passed through 
the centre of a circular disc E, to which it was firmly attached. 
Silk cords which passed over the idle pulleys were 

attached to weights Wj, W2, were wound round the disc 
E in such a manner that they left it tangentially at the 
opposite extremities of a diameter, and exerted a couple tending 
to rotate the disc. 

A steel axle passed upwards through the bottom of the 
calorimeter, and carried a set of paddles, each pierced by 
numerous holes. These paddles moved between fixed vanes 
attached to the calorimeter. The axle was rotated by the aid 
of the wheel which in its turn was driven by a steam 
engine. 

When the paddles were rotated, it was found that the 
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temperature of the calorimeter and the water which filled it 
could be increased at the rate of 45° C. per hour. 

The method of measuring the work performed was somewhat 
different from that used by Joule in his earlier experiments 



Fig. 134. — Rowland’s arrangement for determining the mechanical 
equivalent of heat. 


(p. 273), though agreeing substantially with the arrangement 
used in his 1878 determination. 

Let d be the diameter of the torsion wheel R, and M the total mass of 
the suspended weights. Then the work done in n revolutions of the 
paddle = couple x angle of twist, i,e. Mgd x 2‘nn. Let W be the 
water equivalent of the calorimeter and its contents, and dt the rise of 
temperature. 

, _ _ Mgdznn 

• • *1 ^ 
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Those familiar with mechanics will recognise that the whole 
arrangement above described is in reality a particular form of 
absorption d)mamometer. 

It was found by Rowland that the amount of energy required 
to heat a given quantity of water through i ° C., has a minimum 
value at 2g^C. By careful calorimetric experiments, Row- 
land satisfied himself that the specific heat of water has a 
minimum value, and this result has since been confirmed by 
other observers (see Chap. VI., p. 135). 

Rowland also compared the thermometer used by Joule with 
the air thermometer. The mean values obtained were : — 

Joule’s value . . . 4*168 x 10’ ergs. 

Rowland’s mean value . 4*179 X 10’ ergs. 

Him’s Experiments. — Satisfactory results were obtained 
Uy Him (1815-1890) on the principle of the conversion into 
iieat of energy of percussion. 

Another method used by Him in 1862 was to measure the 
amount of steam, at an observed temperature and pressure, 
which entered the cylinder of a steam engine in a given time, 
and to determine the heat remaining in the waste steam by 
passing it through cold water, of which the initial and final 
temperatures were noted. Thus the heat which entered the 
cylinder could be calculated, and on subtracting the waste heat 
from this value, the amount of heat utilised in driving the 
engine could be determined. The work performed was deter- 
mined by the aid of an indicator diagram. Thus the value of 
the ratio 

Work performed _ ^ 

Heat which disappeared 

was calculated. The value thus obtained differed little from 
that found by Joule. 

It may be noted that in the experiments previously 
described, energy was converted into heat, whilst in this last 
experiment, the converse process of converting heat into work 
was used. 

Further work on the determination of J was carried out in 
1897 by Reynolds and Moorby, who obtained 4*1833 x 10’ 
ergs for the mean value of the calorie between 0° and 100° C. 
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Bames used an electrical method and the principle of con- 
tinuous flow calorimetry previously described (p. 135), and 
obtained 4-182 x 10’ ergs at 15° C. Laby in 1926 corrected 
this for the electrical constants used, and obtained 4-179 X 10’ 
at 20° C. Finally Laby and Hercus in 1927, as a result of 
further high-precision work obtained 4-186 X 10^ ergB at 
16° O., which may be taken as the most accurate value 
available. 

We may now summarise various results which have been 
obtained. The mechanical equivalent of heat may be defined 
as the number of units of work equivalent to one unit of heat 
expressed in thermal units. Since the specific heat of water 
is numerically equal to one thermal unit the mechanical 
equivalent of heat is sometimes referred to els the specific heat 
of water in mechanical units. Then J = W /H. 

The ratio J may be expressed as follows : — 

J = 778 ft.-lbs. per water-pound-degree F. 

= 778 X ^ = 1400 (approx.) ft. lbs. per water-pound- 
degree C. 

= 4-19 X 10’ ergs per water- gram-degree C. 

The First Law of Thermodynamics. — ^This is a 
generalisation of the results of the foregoing experiments. 
According to Maxwell, it may be expressed as follows ; — 
When work is transformed into heat, or heat into 
work, the quantity of work is mechanically equi- 
valent to the quantity of heat. 


Summary. 

Caloric — In tlie earlier theories, heat was considered to be an elastic 
fluid which was absorbed by bodies during a rise of temperature, and 
given up by bodies during a fall of temperature. 

Rumford showed that an inexhaustible supply of heat could 
apparently be obtained by rubbing one body against another. This was 
inconsistent with the assumption that heat was a fluid. 

Davy showed, by rubbing two pieces of ice together, that an 
unlimited supply of heat could thus be obtained. 

Energy and heat. — When a moving body is brought to rest under 
such conditions that its kinetic energy has no optx>rtunity of being 
transformed into potential eneigy, heat is produced. 
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Joule showed that when a moving body is brought to rest the 
energy which disappears, is equivalent to the heat produced. Water 
was first set in motion and then immediately reduced to rest, and the 
quantity of heat generated was measured. He thus found that 42 
million ergs of energy is equivalent to 1 gram-calorie. In other words, 
the heat produced when 42 million ergs of energy disappears would 
raise the temperature of one gram of water through one degree 
Centigrade. 

Rowland repeated Joule’s work, using mercury thermometers 
which had been compared with a standard air thermometer. His 
arrangement permitted of a rapid rise of temperature, and his results 
showed that the specific heat of water varied with the temperature. 

Him determined the mechanical equivalent of heat by allowing a 
mass of iion, moving with a considerable velocity, to strike on a mass 
of lead. The heat produced in the lead w'as measured, and results 
agreeing with Joule’s were obtained. He also measured the tempera- 
ture and pressure of the steam entering the cylinder of a steam engine, 
and conducted the waste steam through a calorimeter. Thus the heat 
entering the cylinder, as well as that leaving il, w^as determined. The 
heat which disappeared was found to be ecpiivalent to the work 
performed by the engine. 

The First Law of Thermodynamics . — ItVien work is trans- 
formed into keafy or heat into work^ the quantity of work is mcchanually 
equivalent to the quantity of heat. 

Questions on Chapter XII. 

(1) Determine, having given the following data, fiom what height a 
lead bullet must be dropped, in order that il may be completely melted 
by the heat generated by the impact, assuming that four-fifths of the 
heat generated remains in the bullet. 

Heat required to raise I gram of lead from the initial temperature 
of the bullet to the melting point, and to melt it, 15 units ; mechanical 
equivalent of heat 42 x 10® ergs. Value of 980 cm. per sec. per sec. 

(2) A cannon ball, the mass of which is 100 kilograms, is projected 
with a velocity of 500 metres per second. Find in C.G.S. units the 
amount of heat which would be produced if the liall were suddenly 
stopped. 

(3) If an engine working at 622*4 horse-power keeps a train at 
constant speed on the level for 5 minutes, how much heat is produced, 
assuming that all the missing energy is converted into heat ? 

Take the mechanical equivalent = 778 [It. -lbs. per lb. of water per 
degree F.] ; one horse-power = 33,000 ft. -lbs. per minute. 
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(4) Describe the method of determining the value of J which you 
consider the best. Give full reasons for your answer, pointing out the 
merits and defects of the method you adopt. 

(5) With what velocity must a lead bullet at 50® C. strike against an 
obstacle in order that the heat produced by the arrest of its motion, if 
all produced within the bullet, might be just sufficient to melt it ? 

Take specific heat of lead =0*031. 

„ melting point =335° C. 

,, latent heat of fusion = 5 *37. 

(6) What do you understand by the Mechanical Equivalent of Heat ? 
Taking the mechanical ecjuivalent as 1,400 ft. -lbs. per degree Centi- 
grade per lb, of water ; determine the heat produced in stopping by 
friction a fly-wheel 112 lbs. in mass, and 2 feet in radius, rotating at the 
rate of one turn per second, assuming the whole mass concentrated 
in the rim. 

(7) Give an outline of the arguments which lead to the conclusion 
that heat is a mode of motion. 

(8) What is meant by saying that heat is a form of energy ? How 
has the amount of energy corresponding to a unit of heat been 
determined ? 

(9) Write a short account of the methods which have been employed 
to determine the Merluinical Equivalent of Heat, giving an account of 
the corrections required in each method and the relative advantages of 
the various methods. 

(10) What is meant by the statement that the Mechanical Equivalent 
of Heat is 427 metre grams per gram calorie ? 

(11) Define the Mechanical Equivalent of Heat. 

If the kinetic energy contained in an iron ball, having fallen from 
rest through 21 metres, is sufficient to raise its temperature through 
0*5® C,, calculate a value for the Mechanical Equivalent of Heat, 
Assume = 980 cm. per sec. per sec., and specific heat of iron 0*i. 

(12) Briefly describe one of the ways in which the amount of energy 
equivalent to a given amount of heat has been determined. Explain 
what is meant by expressing the specific heat of water in ergs per giam, 
and state its value either in these units or in gravitation ft. -lbs. per lb. 




CHAPTER XIII 


THE KINETIC THEORY OF GASES 

Heat and Energy. — As a result of experiments, some of the 
most important of which have been described in the last chapter, 
it has been conclusively established that there is an exact 
equivalence between heat and energy ; in other words, if a 
moving body is suddenly brought to rest under such conditions 
that its kinetic energy has no opportunity of passing into 
the potential form, then a quantity of heat will be generated 
proportional to the kinetic energy possessed by the body at the 
instant before its motion was arrested. 

The object of the present chapter is to present, in a simple form, 
some of the most important points of a theory, which has been 
found capable of explaining most of the physical properties oi 
gases in terms of the motions of their ultimate constituent 
particles. 

Consider for a moment what happens when a drop of mercury 
falls from a height on to a plate of glass. The mercury moves 
as a whole through the air ; />., there is practically no relative 
motion between its parts up to the instant when the glass is 
struck. Just before striking the glass, the mercury possesses a 
certain amount of kinetic energy, equal to 

i fftv’ (p- 263) 

where m is its mass, and v its velocity. On reaching the glass, 
the motion of the drop of mercury as a whole ceases ; relative 
motions between different parts of the mercury take its place. 
Thus, it becomes divided into numerous droplets, which splash 
off in different directions with various velocities. The sum of 
the kinetic energies possessed by these various droplets will, 
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however, be equal to the kinetic energy possessed by the main 
drop at the instant before it struck the glass. 

The nature of the process here illustrated may be said to 
consist in the production of relative motion in the several parts 
of a body, as a result of the arrest of the motion of the body as 
a whole. 

We have already seen that various philosophers, from 
Sir Francis Bacon to Count Rumford, felt assured that there 
was a more or less definite relation between heat and motion. 
We will here provisionally assume that the heat generated in a 
body when its motion is suddenly arrested, is associated with 
the production of relative motions of the constituent molecules. 

Molecules and Atoms. — Chemical experiments have led 
to the conclusion that matter is not infinitely divisible, but 
that if a substance be continually divided and subdivided, a 
stage will at last be reached when the products of further 
division will possess properties different from those of the 
substance divided. Thus, if a drop of water were continually 
divided and subdivided, a stage would at length be reached 
where further division would produce two gases — oxygen and 
hydrogen. 

A molecule is the smallest portion of a substance 
which can exist, while stUl possessing the distinctive 
properties of that substance. 

An atom is the smallest portion of a substance 
capable of an independent existence. An atom is there- 
fore indivisible. 

A substance may consist of molecules, each of which 
comprises only a single atom mercury vapour, argon, 

helium, krypton, &c., which are called monatomic substances) ; 
or, the constituent molecules may comprise two or more 
atoms. Thus, hydrogen and oxygen consist of molecules, each 
of which comprises two atoms ; carbon dioxide and sulphur 
dioxide gases consist of molecules, each comprising three 
atoms ; whilst the vapour of alcohol consists of molecules, 
each of which comprises nine atoms. 

We will assume that the essential difference between a body 
when hot and when cold lies in the fact that in the former con- 
dition the molecules are in a more violent state of agitation 
than in the latter. 
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Molecular Conditions of Solids, Liquids, and 
Ga^es. — Gases . — A few minutes after the stopper has been 
removed from a bottle containing ammonia, the pungent odour 
of the vapour of that substance can be perceived throughout the 
room. This proves that, in the case of gases, a molecule is 
capable of moving with comparative freedom from one position 
to another. 

Liquids . — Experiments with liquids show, that though we 
must consider their constituent molecules to be capable of moving 
continuously from place to place, yet the rate at which such 
transfer takes place is small when compared with the rate of 
transfer in gases. 

Solids , — In solids we must consider that the molecules are 
incapable of moving continuously from place to place, and that 
the motions which are associated with heat take place about 
fixed positions. Sir William Robcrts-Austcn has indeed sliown 
that if a sheet of gold be laid on the plane surface of a block of 
lead, the gold will gradually diffuse into the lead. But the rate 
at which this diffusion takes place is very slow, so that the 
molecular condition of a solid may be assumed to be sub- 
stantially that above described. 

In order to account for the phenomena connected with 
capillarity and surfiice tension, it is necessary to assume that 
the molecules of a liquid are so close together that the effects of 
their mutual attractions must be taken into account. In solids 
this mutual attraction must in some way or another give rise to 
cohesion. Finally, we may consider a gas to consist of mole- 
cules in rapid motion, the progress of a molecule in any direction 
being limited simply by the occurrence of collisions with 
other molecules. The average distance between neighbouring 
molecules is supposed to be so great that the effects of their 
mutual attractions may be left out of account. 

To gain greater definiteness in our ideas, let us consider what 
would happen if a perfectly elastic sphere were set in motion 
within an enclosure bounded by perfectly rigid walls. Every 
time that the sphere impinged on one of the walls, the com- 
ponent of its velocity perpendicular to the wall would be 
reversed, and a certain force would be exerted on the wall. 
No work would be performed, and the sphere would afterwards 
be moving with the same velocity as previously. Thus the 
kinetic energy of the sphere would remain constant. 
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Let us now assume that a number of perfectly elastic 
spheres are inclosed by a vessel with rigid wails. The magni- 
tude of the velocity of a sphere will not be altered by impact at 
a wall, but when two of the spheres meet, their velocities 
before and after impact will not necessarily be equal. Thus 
the energy possessed by a particular sphere will vary from 
time to time. On the other hand, the total energy possessed 
by all the spheres will remain constant, since no energy is 
communicated to the walls, and the energy lost at any par- 
ticular impact by one sphere is necessarily gained by another. 

If an inclosure such as we have been considering were set in 
motion and then brought to rest, the result would be that the 
relative velocities of the contained spheres would be aug- 
mented, and thus the total kinetic energy possessed by them 
would be increased. On the supposition that the heat con*- 
tained by a body is really only another name for the kinetic 
energy associated with the linear motions of its constituent 
molecules, this case would illustrate the rise in temperature of 
a body when its motion is suddenly arrested [see Chap. XII). 

Pressure Exerted by a Gas.— If we consider a gas to 
consist of elastic spheres in rapid motion, continually colliding 
with each other, or rebounding from the walls of the containing 
vessel, it is clear that every time the momentum of a molecule 
is reversed by impact with a wall of the vessel, a certain force 
will be e.xerted on the latter. Let us suppose, for instance, that 
the gas is contained in a cylinder, one end of which is closed 
permanently, whilst a frictionless piston prevents the escape of 
the gas from the other end. Then the reversal of the mo- 
mentum which occurs when a molecule strikes the piston, will 
tend to move the piston outwards, so as to increase the volume 
occupied by the gas. It remains to be shown whether the force 
thus exerted by the successive impacts of the various molecules 
on the piston would produce a pressure varying inversely as the 
volume occupied by the molecules. 

To deduce Boyle’s Law from the Kiinetic Theory 
of Gases. 

Let us assume — 

(1) That the diameter of a molecule is very small in comparison with 
the distance traversed between successive encounters. 

(2) That a very large number of molecules exist even in the smallest 
volume of gas with which we are acquainted. 
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(3) That the molecules are moving with considerable velocities, so 
that a large number of encounters occur in an exceedingly short interval 
of time. 

(4) That the time occupied by an encounter of two molecules is very 
small in comparison with the interval elapsing between successive 
encounters. 

(5) That the molecules are on an average so far separated one from 
another that the efiects of their mutual attractions or repulsions may be 
neglected. 

Let us consider a perfect gas contained in a cube of unit 
edge. Experiment shows that the pressure on each face of 
the cube is the same, and that the density is sensibly uniform. 
T>et a single^ molecule of mass m be moving with velocity v 
within the cube ; then resolving v along the three co-ordinate 
axes Xt y, z at right angles we have 

-i- v/ -f VgK 

If there are n molecules present in the cube at a given tem- 
perature, no two molecules may be expected to have exactly 
the same velocity. The velocities of individual molecules will, 
in fact, lie between certain upper and lower limits. 

Mean Square Velocity. — Let us suppose that equal numbers of 
molecules are moving at i, 2, 3, 4, 5, 6, 7, 8, 9, 10 cms. per second 
respectively. Then the mean square velocity = 

1" 4- 2» 4- 3* 4- 4* 4- 5* 4- 6« -f 7* 4- 8» + 9' 4- 10' ^ 

The square root of the mean square velocity = ^38-5 = 6-2. 

The mean velocity of the molecules = 

14-2 + 34-44-54-64-74-84-94- IQ ^ 

10 

Hence, we see that the mean molecular velocity is not exactly equal 
to the square root of the mean square of the molecular velocities. The 
difference between these numbers will not, as a general rule, be as great 
as that just obtained, since the simultaneous variations of molecular 
velocities will generally be less than that assumed above. Hence, we 
shall commit no great error in taking V (which is really the square root 
of the mean square velocity) as equal to the niean molecular velocity. 

Hence for n molecules the root mean square velocity v* is obtained by 
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squaring the velocity of each molecule and summing for n molecules 
and then dividing this sum by the total number of molecules i,e, 

I *• 

V* = -Sv* 
n 0 

Returning to the original argument, the resolved velocity of a single 
molecule along the x axis will be cm. per sec. Upon elastic impact 
with a face of the cube the molecule will rebound with velocity —Vg., and 
the change of momentum suffered by the molecule will be 

Now the molecule must travel to the opposite face and back between 
impacts, and thus strikes a particular face Vj^jz times per second. 

Therefore the total change of momentum per second = zmVji ^ ^ “ fnv^, 
' The pressure is equal to the force due to the change in momentum per 

n 

second so that the total pressure parallel to the x axis is S mv^*, 

0 

Similarly for directions parallel to the y and z axes the respective 

n n 

pressures arc S mVy* and 'L mv,*. Hence we have 
0 0 


p — YifnVg} = -f r,*) — jSwv* 

0000 0 

== IntfJvK 

If M is the total mass of gas in volume v, then M/v is the mass per 
unit volume, 

M 


V 

pv = JMi;*. 


But the right-hand side of this equation is constant at any particular 
temperature, hence we have deduced Boyle’s Law. We can write the 
equation p = \nmv^ in the form /> = f x ^nmv* which shows that 
the pressure of an ideal gas is equal to two-thirds of the kinetic energy 
of the molecules in unit volume of the gas. 


Relation between the Temperature of a Gaa and 
the Linear Velocities of its Constituent Molecules. — 
In accordance with the method of measuring temperature by 
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the aid of a gas thermometer {see Chap. V.), we have the 
relation 


pv = RT 

where T is the absolute temperature of the gas. Compare this 
equation with the expression 



M represents the mass of the gas, which of course remains 
constant. We therefore see that 

T OC 2 / 2 . 

i,e., the absolute temperature of a gas is proportional to the 
mean square of the molecular velocity, or to the kinetic 
energy possessed by the molecules of the gas, in virtue of their 
linear velocities. 

Absolute Zero. — Tt can easily be seen that if we take a 
volume V of gas, and cool it under constant pressure, we shall 
have 2^ = 0 \vhen o. 

In the same manner it can be shown that if a gas is cooled at 
constant volume, the pressure exerted by tlie gas will become 
equal to zero when v'^ — o, and therefore T = o. 

Hence the absolute zero of temperature will be 
reached when the linear velocities of the molecules 
have been reduced to zero i.e., when the molecules have 
been brought to rest. 

The Gas Constant. — In ^ = R, substitute p = i atmo- 
sphere, V = 22-41 litres, the volume occupied by the gram- 
molecule of a gas. T = 273° abs. 


R = 


22-41 

= 0-0821 litre- atmospheres. 

273 ^ 


22410 X 76 X 13-6 X 981 


-= 8-322 X 10’ ergs. 


273 
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Avogadro*s Law. — From the above it becomes evident 
that the temperature of a gas molecule is proportional to the 
kinetic energy possessed by it in virtue of its linear velocity. 

It is generally assumed that, at a given temperature, the 
average kinetic energies possessed by single molecules of 
different gases have equal values. Thus with a gas A, of which 
a molecule possesses a mass and an average velocity Vj, at 
absolute temperature T, we have 

Kinetic energy of molecule of gas A at temperature T — 

If and V2 have similar meanings with regard to a molecule 
of a gas B at the same absolute temperature T, we have 
Kinetic energy of molecule of gas B at temperature — 
According to the above assumption, we have 

7ny ^ ^ (i) 

Let us suppose that two centimetre cubes are respectively 
filled with the gases A and B, at the same temperalure T and 
pressure p. Then, if 71^ and are the numbers of molecules in 
the respective cubes, we have 

p = (p. 293). 


7 t^ 777 yV^ = ft^ 771 .pj.^ (2) 

Dividing by (1), we get 

«i = (3) 


This result, expressed in words, states that at the same tem- 
perature and pressure, equal volumes of all perfect gases com- 
prise the same number of molecules. This is the celebrated 
generalisation known as Avogadrd s La%v. 

It should be remembered that this law is strictly true only 
for substances possessing the properties of perfect gases. 

Graham’s Law of Diffusion.— From (2) above, we have 
the relation 

Vt / ^2^2 _ / density of B 

Vg ” 7 i^ 77 ii ~ V density of A 

In words, we may state that the average velocities (see p. 293) 
of the molecules of different gases at a given temperature are 
inversely proportional to the square roots of the densities of the 
respective gases. 
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Graham found that gases diffused through porous plugs at 
rates inversely proportional to the square roots of the respective 
densities of the gases. 


Problem. — Determine the root mean square velocity of hydrogen 
molecules at a temperature of o® C. 

Let M be the mass of hydrogen which occupies a litre (r,oooc.cs.) at 
o“ C. and 760 mm. pressure. Thus, from the relation 


3 

remembering that p must be expressed in dynes, we get 

/ iT ^ o % 3x76x13*6x981x1,000 

(76 0X 13*6 X 981) X 1,000= — V2. V^ = ^ — . 

3 M 

But M = *0896 grams. 


.*. V = 



X 76 X 13*6 X 981 X 1,000 _ 

*0896 

»= I *84 X 10® cms. per second. 




3 04 2 X 10^ 
*0896 


Atomic Heats. — If equal increments of energy are neces- 
sary in order to raise the temperatures of single molecules of 
different substances through a given range, Dulong and Petit*s 
Law, that equal numbers of atoms of different elementary sub- 
stances require equal quantities of heat in order to raise their 
temperatures by I'^C., follows as a matter of course. 

Pressure of a Mixture of Gases or Vapours.— Dalton's 
Law of partial pressures (p. 229), states that the pressure of a 
mixture of gases and vapours enclosed in a given space is equal 
to the sum of the pressures which the gases, &c., would sever- 
ally exert when individually occupying the given space at the 
same temperature. This follows directly from the kinetic 
theory of gases. For the pressure p exerted by a mixture of 
two gases, of which the molecules possess masses and 
and velocities Vj and Vg, is given by 
p = 

the numbers of molecules of different kinds in i cc. being 
and respectively. This expression is equal to the sum of the 
pressures and which would be exerted by 

molecules of the first gas, and «2 molecules of the second, if these 
were severally enclosed in separate vessels, each of unit volume. 
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Work Performed in Compressing a Gas Isother- 
mally. — ^Let ADBC represent a cylinder, the space between 
the closed end AC and the air- 
tight piston EF being filled ^ th. » 

with a gas. (Fig. 135.) 

Let the pressure, when the 
piston is at EF, be equal to 
p, the volume of the enclosed 
gas being v. Then since the 
temperature remains un- 
changed, pv = a. constant which we may denote by k ; hence 
p = kfv. Now let the motion of the piston produc.e an 
extremely small diminution of volume dv; then the work 
done on the gas is pdv 


Fig. 135. — Cylinder and piston for 
compressing a gas. 


i.e. dW = pdv = k 


dv 


Let the curve AB (Fig. 136) represent the isothermal rela- 
tion between the pressure and volume of the gas enclosed in 
the cylinder. Thus OD, Fig. 136. 
represents the volume v occupied 
by the gas when the piston is at 
EF, Fig. 135, and DC, Fig. 136, 
represents the pressure p to 
which it is subjected. 

Let DE = dv, the amount by 
which the volume of the contained 
gas is diminished when the piston 
is moved inwards through the 
distance dx. Then work done 
during the compression of the 
gas = pdv = CD X ED = the 
area of the rectangle CDEF. 

If the gas is further compressed, so that its volume is 
diminished by successive small decrements, from OD to OG 
(Fig. 136) i,e, to volume v^, it will be seen that the work 
done is equal to the sum of the areas of a number of 
rectangular strips, such as CDEF, *.«. the area under the 
curve HC. 



Fic. 136 Graphic determination 
of work performed in compress- 
ing a gas. 
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/■" r*' dv 

Hence W = / pdv — /i — = A (log^ v — loge v^) 
Jvx •'r, 


k log,- 


= pv log^ 


The question now arises, what has become of the energy 
consumed in compressing the gas ? The answer is, that heat 
has been developed as the gas was compressed, and has been 
given off to surrounding bodies as quickly as it was generated. 

During the compression of the gas, the molecules which 
struck against the piston (which was moving inwards), re- 
bounded with increased velocity. This accounts for the 
temporary heating of the gas. The extra energy so acquired 
was immediately transferred to the molecules composing the 
walls of the containing vessel, and was from these transferred 
to surrounding bodies. 

Conversely, if the gas is allowed to expand iso thermally from 
the volume represented by OG to that represented by OD, 
external work may be performed. The maximum value of 
this external work is equal to the area HCDG. At the same 
time the heat equivalent of the work performed is absorbed by 
the gas from surrounding bodies. 


Internal Work of Expanding Grases. — We have hither- 
to assumed that the effects of any mutual attractions or repul- 
sions exerted between neighbouring molecules of a gas may be 
neglected. An examination as to whether this assumption is 
permissible or not was made by Joule. 

Joule's Experiments. — ^We have seen that when a gas 
expands, performing external work, a fall in its temperature 
will result, unless heat is communicated to it from surrounding 
bodies. Joule set himself to determine whether any tem- 
perature change occurs when a gas expands without perform- 
ing external work. It is plain that this would happen if the 
mutual attractions or repulsions of molecules produced any 
appreciable effect. For if attractions are exerted between 
neighbouring molecules, work must be performed in separating 
them more widely, and this will entail a disappearance of a 
certain amount of heat, or molecular kinetic energy. 
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Two metal vessels, A, B, Fig. 137, were connected by means 
of a tube having a stop-cock at C. A was filled with dry air 
under a pressure of about 
twenty atmospheres, and B 
was exhausted. Both were 
then placed in a vessel filled 
with water so as to serve as a 
calorimeter. 

The water was well stirred, 
and its temperature noted by 
the aid of a thermometer read- 
ing to of a Fahrenheit 
degree. The stop- cock C was 
then opened, and air allowed 
to flow from A to B until equilibrium was established. The 
temperature of the water was again observed. It was found 
to be equal to the initial temperature. 

Now the only difference between the states of the gas at the 
beginning and end of the experiment was, that the molecules 
were further separated in one case than in the other. No 
external work had been performed, and any kinetic energy of 
motion as a whole, communicated at any time to a portion of 
the gas, must have been subsequently reconverted into heat 
by friction, as the gas was once more brought to rest. Since 
the temperature of the gas remained unaltered, no appreciable 
amount of heat could have been absorbed in performing 
internal work. 

Joule also performed another series of experiments, in which 
the vessels A and B were inverted, and placed in separate 
calorimeters, a small calorimeter being also placed around 
the tap C. 

It was found that the gas in the cylinder where the ex- 
pansion occurred was cooled, whilst heat was generated in the 
cylinder into which the gas flowed, and at the stop-cock C. 
The total heat produced in B and at C was found to be exactly 
equal to that which disappeared from A, 

Thus the total change of internal energy of the gas during 
expansion was zero, or the internal energy is independent of 



Fig. 137.— Apparatus used by Joule 
to determine the internal work per- 
formed during the free expansion of 
a gas. (P.) 


the volume, 



= o. 


This is known as Joule's Law, 
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Joule therefore concluded that no internal work is performed 
when a gas expands, or, in other words, that the molecules of a 
gas are so far removed from each other that the effects of their 
mutual attractions or repulsions may he neglected. 

It may be remarked that the above experiment was not a 
very delicate one, since the thermal capacity of the calorimeter 
and water was many times greater than that of the gas. The 
results obtained may be taken as proving that no very con* 
siderable heating or cooling effect is associated with the ex- 
pansion of a gas when no external work is performed. The 
later and more accurate experiments of Joule and Kelvin will 
be explained subsequently. (See Chap, XVIII.) 

Belation between the Specific Heats of a G-as. — 
In general, when a gas is heated, a rise in temperature and an 
increase in the volume of the gas result. If the gas is heated 
and not allowed to expand, the heat energy supplied will be 
used in increasing the internal energy of the gas, i.e. in 
increasing the kinetic energy of the molecules. If, however, 
the gas is allowed to expand at constant pressure, work will be 
done in overcoming the atmospheric pressure on the gas in 
the process of expansion. The heat energy supplied will 
therefore, in addition, be required to supply energy to perform 
this external work. There are thus two specific heats of a 
gas : the specific heat at constant volume denoted by Cy, i.e, 
the amount of heat required to raise i gm. of gas i° C. while 
its volume is kept constant, and the specific heat at constant 
pressure, denoted by Cp, or the amount of heat required to 
raise i gm. of gas through i° C. while its pressure is kept 
constant. Since in the latter case heat is required to do 
external work, Cp will be greater than Cy. If M denotes the 
molecular weight of a gas, then Mc^ =■ Cp and Mcy = Cy, the 
gram-molecular specific heats. When heat is communicated 
to a quantity of gas the volume of which is kept constant, it 
may be utilised in the following ways : — 

(1) In increasing the kinetic energy JMV^ due to the linear 
velocity V of the molecules, M being the mass of the gas. 
This will correspond to a rise in temperature of the gas. 

(2) The atoms within a molecule may be set in more violent 
relative motions. We may expect that the greatest quantities 
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of energy will be absorbed in this manner by gases, the mole- 
cules of which comprise a large number of atoms. 

(3) Different parts of the same atom may be set in relative 
motions. There is little doubt that this actually occurs ; but 
from the nature of the case we may consider tlie amount of 
energy used in this manner to be comparatively small. 

Let a gram molecule of gas be heated through a small range 
dt at constant pressure p, the increase of volume being dv^ 
Then the external work done will be pdv, and this will be 
equivalent to pdv\^ calories. 

The heat communicated to the gas must be and from 
what has been said above we have 


C^dt = 4 - 

But for a gram molecule of a gas 

pv = RT 

i.e, differentiating, the pressure being constant 
pdv = KdT. 


Ri^T 

‘Substituting Cpdt = C^t -j — j — 

i.e. Cp — Cj, = j if R is expressed in ergs per gm.-mol. per ® C. 
i.e. Cp — C„ = R if R is expressed in calories. 


or finally, Op — c„ = r, where r is the gas constant per gram. 
The above is true for a perfect gas, but may be taken as 
approximately true for the permanent gases. 

If Cp, Cl,, and R are known, J can be calculated. 


Example . — Having given, that i litre of hydrogen at o® C. and a 
pressure of 760 mm. of mercury weighs *0896 grams, and that 
== 3 ’ 409 f Cp = 2*411, calculate the value of J, the mechanical 
equivalent of heat. 

We must first determine the value of r in the equation 

Cp c, + J. 
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Now I gram of hydrogen will occupy a volume of 

1,000 . 

= 11,160 c.cs. 

•0896 

Then, from the relation 

pv = fT 

we have, for a temperature of 0° C. (T = 273), expressing^ in dynes, 
(76 X 13-6 X 981) X 11,160 = r X 273 
r = 4-14 X 10’. 


. T 4 'i 4 X 10’ , - . 

. . J = = = 4 ‘i 5 X 10’ ergs per calorie. 

3*409 — 2-411 

[N.B . — Since the molecular weight of hydrogen is 2, in the above 
case R = 2r.] 

It was in this manner that Mayer determined the mechanical 
equivalent of heat. It must be remembered, however, that 
this method virtually assumes that no appreciable amount of 
internal work is performed when the volume of a gas is altered. 
The proof that this assumption was admissible was due to 
Joule. 

Ratio of the specific heats of a Gas, (y) 


Let V* be the mean square of the molecular velocity of a gas at a 
particular temperature T (measured from the absolute zero). Then* 
the lunetic energy possessed by i gram of the gas will be equal to 


V* 

J X I X V* = — (p. 289). 

Further, since M = i , wc have 

pv — R'r ~ Ju* {see p. 288). 

- |RT. 

Hence the increase, E, per degree centigrade, in the energy due to 
the linear velocities of the molecules in a gram of gas, is given by 

E = -HR. 

Let e be the increase of energy per degree centigrade due to the 
relative motions of the atoms within the molecules comprised in the 
gram of the gas. Then, neglecting the mutual attractions or repulsions 
exerted by neighbouring molecules, we have 

Cp E T ^ -f" pdv ■^R + ^ "h R 5R "f" 2^ 

^ ^ cV "" ET^e "" "" 3RT~2e 
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li e = Of as we may assume to be the case in a monatomic gas, we 
have 

y — f = 1-666. 

For gases, each molecule of which comprises more than one atom, 
e will have a finite value. Also, the greater e is, the more nearly 
will the value of y approximate to unity. 

The following table gives the value of Cp and together with their 
ratio y, for a number of gases and vapours. 


Gas. 

Chemical 

Formula. 

Number of 
Atoms in 
Molecule. 

Cp. 

c.. 

II 

Argon . 

— 

I 

— 

— 

1-666 

Oxygen 

O3 

2 

0-2175 

0-1551 

1-40 

Hydrogen . 

H, 

2 

3-409 

2-411 

1-42 ' 

Chlorine 

Cb 

2 

0-I2I 

0-0928 

1-30 

Bromine 

Bra 

2 V 

0-0555 

0-0429 

1-29 

Carbon Dioxide 

COa 

3 

0-2169 

0*172 

1-26 

Marsh Gas 

CH4 

5 

0-5929 

0-468 

1-26 

Ethylene . 


6 

0-4040 

0-359 

I-I2 

Ethyl Alcohol . 

C,H ,0 

9 

0-4534 

0'4io 

I-I I 

Ether . 


15 

0-4797 

0-453 

1-05 

Turpentine 

^10^16 

26 

0-5061 

0-491 

1-03 


It will be seen that the value of y approximates more and 
more closely to unity as the number of atoms comprised in a 
molecule increases. 

In the case of ordinary gases, such as oxygen, hydrogen, &c., 
we can obtain chemical evidence as to whether the molecules 
are monatomic, diatomic, &c. Thus, for instance, a molecule 
of hydrogen chloride (HCl) must at least be diatomic ; and it is 
found that one volume of chlorine and one volume of hydrogen 
produce, when exploded, two volumes of hydrochloric acid 
gas. This can be explained, consistently with Avogadro's 
law, by the equation : — 

Ha -f- CI 2 = 2Ha. 

In the case of argon, helium, krypton, neon, and xenon, all 
of which appear to have no chemical affinities, the above 
evidence cannot be obtained. The value of y may, however, 
be found from an experimental determination of the velocity of 
sound in the gas. (See Chap. XV. p. 323.) 
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It has been found in all these cases that y has the value 
1*666. This has been considered as sufficiently satisfactory 
evidence that the gases referred to are monatomic. 

The theory discussed in the present chapter was first elaborated by 
J. J. Waterston in a paper to the Royal Society in 1845. This paper 
was not printed till 1892, when it was found by Lord Rayleigh in the 
Archives of the Royal Society. In the meantime Clausius and others 
had gone over the same ground, and jointly elaborated an almost 
identical theory. 

“ The omission to publish [Waterston's paper] was a misfortune 
which probably retarded the development of the subject by ten or 
fifteen years.** (Lord Rayleigh, Phil, Trans,, 1892, p. 2.) 

The First Law of Thermodynamics. — In Chap. XII we 
expressed this in a form practically equivalent to the law of 
conservation of energy. We are now in a position to consider 
the first law of thermodynamics in a wider sense. If a 
quantity of heat is supplied to a system, it may be used partly 
to increase the internal energy of the system, e.g. in the case 
of a gas, to raise its temperature, i.e., to increase the kinetic 
energy of the molecules, and partly to perform external work, 
e.g. a gas expanding against external pressure. 

If dQ = heat supplied to the system 

dU = increase of internal energy of the system 
dW = external work done by the system 
then dQ = d\J + dW. 

an expression for the first law of thermodynamics. 

For a gas, the internal energy is, in general, partly kinetic, 
due to the motion of the molecules, and partly potential, due 
to the mutual attraction of the molecules. 

i.e. d\5 = J] -f" d\J‘p^-^, 

Also dQ = Cpifr = C^T + + pdv. 

Summary to Chapter XIII. 

All substances are supposed to consist of molecules in rapid motion. 
In solids the motions occur about fixed positions. In liquids a mole- 
cule can move from place to place, but its progress is retarded by the 
occurrence of frequent collisions. In gases and vapours the mole- 
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cules are more sparsely scattered, and consequently collisions are less 
frequent. 

The pressure exerted by a gas is due to the reversal of the 
momenta of the gas molecules when these strike against the walls of the 
containing vessel. 

The heat contained by a gas is equivalent to the sum of the 
kinetic energies of its constituent molecules. - 

Absolute Zero . — If the molecules of a gas were reduced to com- 
plete rest, no pressure would be exerted on the walls of the containing 
vessel. This would obviously correspond to the absolute zero of tem- 
perature as measured on a constant volume air thermometer. 

The mean free patn of a gas is equal to the mean distance 
traversed between successive collisions of a gas molecule. 

Work Performed in Compressing a Gas Isothermally. — If 
the gas is contained in a cylinder, when the piston is moved inwards the 
molecules striking against it will rebound with augmented velocities. 
Thus the kinetic energy possessed by the molecules will be increased as 
the gas is compressed. This increase corresponds to the production of 
heat, and is equal to the work performed in compressing the gas. In 
order that compression should be performed isothermally, the molecules 
must give up this extra kinetic energy to the molecules composing the 
walls of the enclosure. 

When a perfect gas expands isothermally, the external work 
performed is equivalent to the heat communicated to the gas by sur- 
rounding bodies during the expansion. 

The method of graphically representing the work performed during 
the compression or expansion of a gas (shown in Fig. 140) should be 
remembered. 

Internal Work of Expanding Gases. — If appreciable attractions 
are exerted between neighbouring molecules of a gas, work will be per- 
formed in separating these molecules during expansion. 

Joule showed that the molecules of the permanent gases are so far 
removed from each other that the effects of their mutual attractions or 
repulsions arc very small. 

Questions on Chapter XIII. 

(1) What is the thermal evidence that the attraction between the 
molecules of the ordinary gases under standard conditions is small? 

(2) Prove that the product of the density of a gas into the difference 
between its specific heats at constant pressure and at constant volume is 
the same for all perfect gases. 

(3) Show how to obtain the gaseous laws of Boyle, Charles, and 
Avogadro from the principles of the kinetic theory of gases. 
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(4) Obtain a formula giving the value of J in terms of the pressure, 
temperature, and density of a mass of gas, and the difference between 
its two specific heats. What experiments are necessary to justify the 
assumption made in obtaining the formula ? 

(5) Explain why the specific heat of a gas at constant pressure is 
greater than the specific heat at constant volume. 



CHAPTER XIV 


VAN DER WAALS’S THEORY 

Extension of the Dynamical Theory. —The dynamical 
theory, as developed in the preceding chapter, leads to theoretical 
equations for the isothermals of a gas, of the form 

Pv = RT. 

The curves corresponding to this relation between the pres- 
sure, volume, and temperature of a gas, possess the form of 
rectangular hyperbolas (Chap. V., p. 95). P'or temperatures far 
above the critical temperature (p. 206) of a substance, such 
curves agree fairly well with the results of accurate experiments. 
But for temperatures below the critical temperature, the iso- 
thermals have been found experimentally to possess a very 
different form. Starting with a quantity of vapour under a low 
pressure, we first obtain a curve AB (Tig. 138) approximating 
more or less closely to a rectangular hyperbola. At B an abrupt 
discontinuitv occurs, corresponding to the commencement of 
liquefaction in part of the vapour. The isothermal now assumes 
the form of a straight line, parallel to the axis of volume. At C, 
another di.»continuity occurs, corresponding to the complete 
liquefaction of the vapour. The remaining part CD of the 
isothermal, which represents the relation between the volume 
of the liquid and the pressure to which it is subjected, approxi- 
mates to a straight line, slightly inclined to the axis of pressure. 

In the present chapter will be given a brief account of 
an extension published in 1873 of the dynamical theory, due to 
J. D. Van der Waals (1837-1923), which leads to equations for 
the isothermals of a substance, of a form more nearly agreeing 
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with the results of experiments. As an introduction we will 
consider certain theoretical conclusions, due to Prof. James 
Thomson, as to the true form of isothermals below the critical 
isothermal. 

Prof. James Thomson’s Hypothesis.— In 1871, Prof. 
James Thomson published an ingenious speculation, suggested 
by the form of the isothermals immediately above the 

critical isothermal, 
and based on the 
assumption that all 
transformations are 
essentially con- 
tinuous. He sug- 
gested that the dis- 
continuous part BC 
of the isothermal 
ABCD should be 
replaced by the 
continuous curve 
BEFGC. The 
whole of the isother- 
mal ABEFGCD is 
now continuous, 
and nowhere ex- 
hibits any abrupt 
change of direction. 



Fig. 138.— Theoretical form of isothermals for vapour 
and liq'ud, according to James Thomson. 


Thomson pointed out that if the isothermals of a substance 
below the critical temperature are assumed to possess the 
above shape, many well-known phenomena may be easily 
explained. In the first place, it is w^ell known that a liquid may, 
under certain conditions, be heated to a temperature consider- 
ably above its boiling point, without ebullition occurring. 
Dufour, for instance, heated small drops of water, suspended 
in a mixture of oil of cloves and linseed oil, so proportioned 
as to have the same density as the water, and found that a 
temperature of lyS"" C. could be attained without ebullition of 
the water occurring. Now let us suppose that the point H, 
Fig. 138, represents the state of the water at a temperature some- 
what below loo'^C. From the nature of Dufour’s experiment, 
this water was heated at constant pressure. It therefore passed 
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through the states corresponding to successive points on the 
horizontal line HK. At K the water reached the extremity of 
the horizontal portion of the 100° isothermal MNKP. Under 
ordinary conditions ebullition would then have occurred, and 
the mixture of water and vapour would have remained at loo*^ C., 
the temperature corresponding to the isothermal MNKP, whilst 
the conditions corresponding to points on the straight line KN 
were successively attained. In the case in question, however, 
when the water had reached the point L on the line KN, it was at 
a temperature above 100° C., />., it had reached a point on some 
higher isothermal, such as TSLRQ. It will be seen that if S and 
R are joined by a curved line similar in shape to CGFER, an 
intersection of the curve with the straight line NK in the point 
L is possible. 

Hence, according to Thomson's hypothesis, those portions 
6 f the continuous isothermals similar to the part CG of the 
curve CGFEB, correspond to the condition of superheating. 

Between the points G and E, the pressure increases with the 
volume. This would correspond to a state of instabilitv, and 
the liquid would therefore suddenly be partially vaporised. 
This corresponds to the occurrence of the well-known pheno- 
menon of bumping. 

It may be shown, in a manner precisely similar to that em- 
ployed above, that those portions of the continuous isothermals 
similar to the part BE of the curve CGFEB correspond to the 
supersaturation of a vapour. It is well known that a vessel 
filled with steam, and free from suspended dust particles, may be 
cooled to a temperature considerably below loo' C. without con- 
densation occurring. On reaching a point similar to E, how- 
ever, a sudden condensation, corresponding to the unstable 
portion EF of the curves, would ensue. Portions of the con- 
tinuous isothermals similar to CG and BE can also be realised 
by carefully var>nng the volume and pressure of a liquid and its 
vapour whilst the temperature is kept constant. 

Van der "Waals’s Theory. — Van der Waals proposed to 
introduce corrections into the equation obtained in the preced- 
ing chapter, so as to make allowance for the facts : — 

(i) That in certain cases the effects due to the mutual 
attractions of neighbouring molecules cannot be neglected ; and 
(2) that the molecules of a substance are of finite dimensions. 
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The equation to be corrected is 

pv = RT. 

Correction for the Mutual Attractions of the 
Molecules. — In the interior of a mass of gas, the effects of the 
mutual attractions of neighbouring molecules may be neglected, 
since if a certain molecule is pulled in one direction by one 
molecule, it will, on an average, be pulled equally in an opposite 
direction by some other molecule or molecules. At the con- 
fines of the gas, however, the case is different. A molecule will 
be pulled back into the gas by the molecules behind it. 

Hence, a molecule will strike the walls of the vessel whilst 
moving with a velocity less than the average velocity of the 
molecules within the gas. But, in obtaining the equations in 
the preceding chapter, the molecules striking the walls were 
supposed to possess the same mean square velocity as those in 
the interior of the gas. Hence, in our equations we must add 
to the pressure which is actually exerted on the walls of the 
vessel, a term equal to the diminution in the pressure produced 
by molecular attractions. 

Considering the molecules at any time occupying a thin 
layer i sq. cm. in area near the confines of the gas, the 
attractive force on those will be proportional to the square of 
the density of the gas. For, if we double the number of 
molecules in the containing vessel there will be twice as 
many molecules to be pulled inwards, and twice as many 
within the range of molecular forces to pull them in that 
direction. Since the density of the gas will vary inversely as 
the volume which it occupies, we may state that the molecular 
attractions will give rise to a decrease of pressure varying 
inversely with the square of the volume of the gas. Hence, \ve 
may write the corrected pressure as 



where a\s 3. constant. 

Correction for the Finite Size of Molecules.— Let 
CDEF, Fig. 1 39, represent a section of one of the elementary cubes 
in which the molecules of a gas have been assumed to move 
{see p. 286). If the diameter of a molecule is very small in 
comparison with the dimensions of one of these cubes, we may 
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assume, as we did in the last chapter, that between successive 
rebounds from the face ED, the centre of gravity of the molecule 
moves through the distance 
AB 4 - BA == 2AB. If, however, 
the diameter of a molecule is 
comparable with the dimensions 
of the cube in which it moves, 
we must take CC', Fig. 139, as 
the mean intermolecular dis- 
tance instead of AB, and the 
distance traversed between suc- 
cessive rebounds from the face 
ED will be equal to 2CC' 2 
(AB - a) where « is the diameter ku;. x^o.-niustratJon of the diminu- 

of a molecule.* The effect of free path, due to 

the niute size of molecules. 

this practically amounts to a 

diminution of the volume v. Hence we must write 
instead of v in the equation 



= RT 

where ^ is a constant. 

According to Van der Waals, b is numerically equal to four 
times the actual volume of the molecules of the gas. 

Hence, applying the corrections for molecular attraction and 
finite size of molecules, we obtain the equation 

(/ + f,.) (t' - ^) = RT. 

This equation may be plotted graphically. When T is taken 
smaller than a certain critical value, curves of the general form of 
ABEFGCD, Fig. 138, are obtained. For values of T above this 
critical value, curves are obtained agreeing in their general 
form with those obtained experimentally by Andrews for carbon 
dioxide at temperatures higher than 32‘5'^ C. 

The Critical Temperature.— Van der Waals’s equation 
can be put into the following form, by multiplying by 
throughout, and arranging the terms in the order of the powers 
of V, 

pv"^ — {bp + RT)t/2 Af. av -- ab ^ o 



* The explanation given in the text is illustrative merely. For a full discussion 
of the Question, see the author's GtaureU Physics Afr StudenUt p. 544. 
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For constant values of p and T, this becomes a cubic equation 
in which can consequently be satisfied by three root values 
of V. By a well-known theory, all three of these roots may be 
real, or one may be real and two imaginary. Now, substituting 
constant values of / and T is equivalent to finding the inter- 
section of the T° isothermal (say ABEFGCD, Fig. 138) with a 
straight line drawn parallel to the axis of volumes at a height^ 
above the latter. CFB is part of such a line, and the volumes 
corresponding to the points C, F, and B will be equal to the 
three real roots of the above equation in v. 

It may be seen that lines parallel to the axis of volumes, and 
at heights above that axis greater than that corresponding to 
the point E, or smaller than that corresponding to the point G, 
will only cut the curve ABEFGCD in one point. This corre- 
sponds to the case of one real and two imaginary roots to the 
above equation in v. 

It will be noticed in Fig. 138 that the three points, in which an 
isothermal is cut by a straight line parallel to OV, become closer 
and closer together according as the isothermal approaches the 
critical isothermal. The critical isothermal itself will be inter- 
sected in three coincident points at U. 

Let Te be the critical values of p, v, and T. 

At the critical temperature and pressure the three roots of the equation 
are equal 

i.e, {v — f/J* = o. 

Expanding this equation and writing Van der Waals’s equation 
immediately below it 

V* — 3v^v* -f 3v„*v — Vg* ~ o (i) 

A . I<T\ . . a ab 

"■-(»+ p-r+y- = ° 

For the critical point this becomes 



Equating the coefficients of equal powers of v in (i) and (2) 

« = ZPcVc* • • • ( 6 ) 

. . . . ( 7 ) 

... ( 8 ) 

3 T, 


3V.^b+-^- 


I . 

I • • 


. (4) whence 
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Eliminating from (4) and (5) 


Pc 


a 

27b* 


(9) 


Substitute the value of pc in (4) 

^ = 36 (10) 

Substitute in (3) for and from (q) and (10) 


T.= 


8 ^ 

27^ 


(II) 


Equations (9^, (10), and (11) give us the values of the critical pressure, 
temperature, and volume. 


For carbon dioxide, Van der Waals obtained the values of 
and R in his general equation, by substituting corresponding 
values of p and v from Regnault’s results on the compression 
of that gas at various temperatures. Taking unit pressure 
as the standard barometric pressure, and the unit volume 
as the space occupied by the gas at 0° C. and one atmosphere 
pressure, he found that 

R — 

273 

a = 0*00874 
b = 0*0023 

Substituting these values in the formula for the critical tem- 
perature, he obtained 

Tc = -~ . Q’OQ ^74 X 273 ^ 

27 ’ 1*0065 X 00023 

The critical temperature = (305*5 - 273) = 32*5° C. 

This result is in remarkably close agreement with the value 01 
the critical temperature of carbon dioxide obtained experi- 
mentally by Andrews. 

Corresponding States. The Generalised Van der 
Waals Equation. — Instead of measuring the volume, 
pressure, and temperature of a substance in absolute units, 
we might express these quantities as fractions of the critical 
volume, pressure, and temperature of that substance. 


/ = \pc 
V = 

T == 


Thus we might write 
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Substituting these values in Van der Waals’s general equation 

= RT, 

we get (\/>c + -?-2 ) = Ri'T^. * 

\ A* / 

Substituting the values of A. ^c, and Tt, in terms of a, d, and R, 
we get 

+ -J9) ik- 


Dividing this equation throughout by 

+ 4) (3 I) = 8 k 


iii,' 

.... (a). 


If we call Vft and T^ the reduced values, i,e. 



Substituting these values in equation {a) we obtain 

(/’r+-l)(3‘'r- i) = 8T, . . . (6). 

This is known as the reduced equation of state; it 
will be seen that in equations (a) and [b) all the constants 
characteristic of a particular gas have disappeared, 
w^hereas Van der Waals’s general equation will have different 
forms for different gases, according to the values found 
experimentally for a, b, and R. 

Hence, supposing Van der Waals’s equation to accurately 
represent the properties of a particular gas, we see that if the 
pressures, volumes, and temperatures are measured in terms of 
the critical constants, an equation can be obtained which will 
represent the properties of all gases. 

Young has found that the properties of the halogen deriva- 
tives of benzene are very approximately represented by the 
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equation (a) above. For other substances, however, consider- 
able divergences from the equation (a) were found. 

For any particular values of the constants a and of the 
equation the iso- 
thermals do not all 
agree equally well 
with the experimental 
curves. This indi- 
cates that a and b 
vary with the tem- 
perature, whereas the 
theory assumes them [ 
constant. Again, 
from the result ! 

RTc 8 , o 0 

— — = - (equation 8, i 
PcVc 3 ? 

p. 306), the value § ^ 
should be indepen- 
dent of the nature of 
the gas, but this is 
not found to be the 
case. 

Hence, Van der 

W aals’s eouation *40.— Theoretical form of isothermal for solid, 

, ^ , liquid, and vapour. 

must be accepted as 

representing only a first approximation to the true form of 
the isothermals of a substance. This, indeed, is obvious when 
we remember that no explanation of solidification is afforded 
by this equation. The true form of an isothermal should be 
of the general form shown in Fig. 140. 

Nevertheless, Van der Waals’s investigation forms a most 
valuable contribution to the molecular theory. A very large 
number of other equations of state have been proposed by 
various investigators, the best known being those due to 
Dieterici and to Clausius. 

Summary to Chapter XIV. 

The dynamical theory of gases, as developed in Chapter XIII., has 
been found capable of explaining the properties of the so-called perma- 
nent gases at high temperatures. In order to account for the peculiari- 
ties of the isothermals of a substance capable of existing as a solid or 
liquid at the same temperature, additional assumptions must be made. 
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Professor James Thomson’s Hypothesis.— The straight por- 
tions of the isothermals, corresponding to the occurrence of progressive 
liquefaction, may be replaced by curved lines as shown in Fig. 142. . 
Certain parts of these curved lines obviously correspond to the pheno- 
mena of superheating of liquids and the supersaturation of vapours. 
Other parts of these curves indicate an unstable condition, which 
corresponds to boiling by bumping. 

Van dsr Waals applied corrections to the equations obtained in 
Chapter XIIL, 

(1) For the finite size of molecules. 

(2) For the attraction exerted between neighbouring molecules when 
brought close to each other. 

The resulting equations represent curves of the general form 
assumed by Thomson. 

The critical temperature of carbon-dioxide, as calculated by 
Van der Waals from the results of Regnault’s experiments, agrees closely 
with the value determined experimentally by Andrews. 

In Van der Waals’s investigation no account is given of solidification. 
Hence it can only be considered as a first approximation to a true 
molecular theory. 


Question on Chapter XIV. 

(i) Write a short essay on the characteristic equation of Van der 
Waals. 




CHAPTER XV 


ADIABATIC TRANSFORMATIONS 

We have already examined the relation existing between the 
pressure and volume of a gas when the temperature is kept 
constant. We have further found, in Chapter XIII., that heat is 
generated during the compression of a gas, and that this must be 
given up to surrounding bodies in order that the compression 
should be isothermal. Similarly, when work is performed by 
the expansion of a gas, cooling occurs unless heat is constantly 
supplied by surrounding bodies. Hence, generally, in order that 
isothermal transformations should be effected, the gas experi- 
mented on must be placed in thermal communication with sur- 
rounding bodies, which are supposed to be capable of communi- 
cating heat to, or absorbing it from, the gas, whilst their own 
temperatures remain constant. 

Let us now consider what will happen if a quantity of gas is 
compressed in a vessel the walls of which are incapable of con- 
ducting heat. In this case, any heat which is generated in the 
gas cannot escape from it, so that its temperature will rise. 

Adiabatic Transformation. — An adiabatic transforma- 
tion may be defined as the result of any operations performed 
on a substance, subject to the condition that heat is neither 
communicated to, nor abstracted from, it by external bodies. 

Adiabatic Curve.— We may represent the relation between 
the pressure and volume of a substance, when heat is neither com- 
municated to, nor abstracted from it by external bodies, by 
means of a curve. This is termed an adiabatic curve. 

Certain characteristics of such a curve can be easily obtained. 
In the first case, it can be seen that an adiabatic will be 
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steeper than an isothermal curve. For let OD, DA (Fig. 141), 
represent the initial volume and pressure of the gas. Then if 
the volume is diminished to OE under such conditions that the 

temperature of the gas 
remains constant, the 
corresponding pressure 
EF will be such that A 
and F lie on the isother- 
mal BFAC. During the 
compression, the heat 
generated has been given 
up to surrounding bodies. 

Now let us suppose 
that, the final volume 
OE of the gas being 
maintained constant, the 
heat removed during the 
isothermal compression is 
returned to the gas. The 

r.0. .♦I.-Slop* of i»thernul »d «Ji.batic Pressure wiU thus be in- 
curves. creased, and we shall 

have the final state of 
the gas represented by the point G, EG being greater than EF. 
Hence the curve passing through A and G will be steeper than 
that passing through A and F. 

Equation to an Adiabatic for an Ideal Gas.— Let 
us consider a gram-molecule of an ideal gas contained in a 
perfectly non-conducting cylinder fitted with a piston, and let 
the gas undergo a small adiabatic compression to the extent 
dv\ then the work done by the piston is pdv. The heat 
corresponding to the attendant change in temperature eTT will 
go entirely to increase the kinetic energy of the molecules, 
i,e. the increase in kinetic energy is C^fT* Hence by the first 
law of thermod)mamics 

dQ = pdv + 

But by the definition of an adiabatic change the heat absorbed 
or lost must be zero, i,e, dQ = o. 

/. pdv + = o . . . . (i) 
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This is the equation to the adiabatic for an ideal gas. It can, 
however, be further simplified with the help of the gas. 
equation 

pv = RT 

differentiating /. pdv -f vdp = R^TT. 

Q 

Substituting for cH? in (i) pdv + {pdv + vdp) = o 

"Rpdv + C^pdv + C^vpd = o 
pdv{K 4- Cj,) + Cfpdp — o. 

But Cj, -C^= R, z.e. R-i-C„ = Cp 

/. Cppdv + C^vdp = o. 

Dividing by Cypv ^ — -f- ~ = o. 

V ' p 


But ^ = y 
Integrating : 


dv , dp 

y - + -x = 

^ V p 


y logc + logc /> = a constant 

/. pvY = K 

The corresponding relations for p and T, or v and T can 
be obtained from this equation with the help of the gas 
equation. 

^ _ RT 


RTz;v-i = K 


Ti;v-i = ^= K' 
Ja. 


Again 
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/. p^-yRyTY = K 


. . Ry ^ 

For ordinary changes of p, v, T we use, of course, the general 
relation 

pv _ p'v' 

T “■ "r 

but for adiabatic gas changes we must use the three following 
equations obtained from the results deduced above. 

I: = G)” 

The use of these equations will now be illustrated. 


Problem , — A quantity of gas, initially at o®C., is suddenly com- 
pressed to half its 



volume. What tem- 
perature and pressure 
will the gas attain ? 

Let />o, Uo, be the 
initial pressure and 
volume of the gas 
St 0° C. Then the 
initial condition of 
the gas may be re- 
presented by the 
point A on the T^ 
isothermal, Fig. 142. 


Fig. X4a.— Curves representing the rise of temperature 
of a quantity of a perfect gas during an adiabatic 
compression. 


During ' compres- 
sion the gas will suc- 
cessively pass through 




XV 


ADIABATIC TRANSFORMATIONS 


315 


the various points between A and B on the adiabatic AB. The 
equation to this curve is 

pvV = p^Vf^y = constant. 

B will be situated on some higher isothermal, say that for Ti, 

But />o» corresponds to the point A on the Tq isothermal. 

Px* corresponds to the point B on the T, isothermal. 

For temperature. 

Since the volume is to be halved if v® = 2, then v — i 
using TvV-i = ToVo’^-i 



== 273 X 2 V'l 
= 273 X 2®**1 

(by logs) = 362-7 

t — 362-7 — 273 
= 89-7® C. 

therefore the momentary rise in temperature is 89-7® C. 

For pressure 

pvY = p,v,y 

■■■ 

If the initial pressure is one atmosphere 

I X 2 ^’*^ 

— 2-64 atm. 

therefore there is a momentary rise of pressure to 2-64 atmospheres. 

Experimental Determination of y. — ^The specific heat 
of a gas at constant pressure can be determined by Regnault's 
method (p. 159), and the specific heat at constant volume can 
be obtained by the aid of Joly's steam calorimeter (p. 156). 
Hence the ratio of the specific heats can be calculated. 

y can also be determined experimentally, without its 
becoming necessary to obtain the values of either Cp or Ci,. 
Two methods of attaining this end will now be described. 

Clement and Desormes’ Method. — In this method a 
quantity of compressed (or rarefied) gas is put for a few 
moments in communication witli the atmosphere, so that its 
pressure may sink (or rise) adiabatically to the atmospheric 
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pressure. The gas is then again shut off from the atmosphere, 
and allowed to attain its original temperature, when the rise 
(or fall) of pressure is noted. Very good results may be 
obtained by the aid of the apparatus shown in section in 
Fig. 143. C is a carboy, the neck of which is surrounded by a 
metallic cylinder possessing a valve V, so that the enclosed 
space may at pleasure be put into communication with, or shut 
off from, the atmosphere. The pressure of the enclosed gas is 
measured by the aid of a manometer M, whilst air can be forced 
into or withdrawn from C by way of a tube provided with an 

air-tight tap T. In order to 
thoroughly dry the enclosed 
gas, some strong sulphuric acid 
is poured into C. 

The best liquid to use for the 
manometer is Fleuss pump oil. 
This gives off no vapour, whilst 
its density is low, and small 
variations of pressure can 
therefore easily be observed. 

The experiment is performed 
as follows : — 

I . The valve V is closed, and 
air is pumped into C till a 
pressure equivalent to about 
30 cms. of water is indicated by 
the manometer. The stop-cock T is then closed. The density p 
of the Fleuss pump oil having been previously determined, the 
total pressure p^oi the enclosed gas is given, in cms. of water, by 

pt = 'p + /'ip. 

where P is the barometric pressure in cms. of water, and h^is 
the difference in level of the surfaces of the oil in the two limbs 
of the manometer, measured in centimetres. 

For some minutes after pumping has been discontinued, and 
the stop- cock T has been closed, the pressure indicated by the 
manometer slowly falls. This is due to the fact that the air, 
which was heated during its compression, is slowly attaining 
the temperature of the atmosphere. When the manometer^ 
indicates a stationary pressure, is observed. 



Fig. 143. — Apparatus for determining 
the ratio, y, of the specific heats of a 
gas, by Clement and Desormes’ 
method 
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2. The valve V is opened for one or two seconds and then 
closed. During the interval that it is open, the enclosed air 
expands till the pressure becomes equal to that of the sur- 
rounding atmosphere. If the vessel C is large, comparatively 
little heat will be communicated to the enclosed air during the 
expansion. Hence it may be assumed that the air has ex- ^ 
panded adiabatically. Finally close the valve V. 

3. At the instant when V is closed the surfaces of the oil in 
the two limbs of the manometer will be level with each other. 
After a short interval it will be noticed that the manometer 
indicates an increasing internal pressure. This is due to the 
fact that the enclosed air, which was cooled by expansion, is 
now attaining to the temperature of the surrounding air. 
When a stationary pressure is indicated, note the difference in 
level A 2 between the surface of the oil in the two limbs of the 
manometer. Then the final pressure of the enclosed air is 
given by 

pj = p + pAj. 


In the first part of the experiment a mass of gas at pressure p and 
temperature Tj has undergone an adiabatic expansion to a pressure P 
and absolute temperature Tq. Then from the equations previously 
deduced, wc have 



In the second part of the experiment an increase of pressure at 
constant volume takes place to a final pressure p and the original 
temperature Tq 


thus 


P T.- 


T 

Substituting we obtain 




Taking logarithms of both sides of this equation, we get 
(y - i)(log^, - log Pj =- y(log^2 - log P). 


= ~ iQg P 

^ log — log 
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The result obtained is not absolutely accurate, since there 
is a slight loss of heat by radiation and conduction to the sur- 
rounding air during the time that the valve is open ; more- 
over, owing to the inertia of the mass of air, a series of 
oscillations takes place at the valve, and it is impossible to 
be sure of closing the valve at the moment when an oscillation 
is at such a stage that the pressure within the vessel is 
atmospheric. To overcome these difficulties a modification of 
the experiment was carried out by Partington in 1921 to 
measure the fall in temperature accompanying the adiabatic 
change, using an accurate electrical device known as a bolo- 
meter (see Chapter XIX) for recording instantaneous values 
of the temperature in the vessel. It was found possible to 
obtain a critical value for the size of the valve aperture such 
that the oscillations were eliminated and at the same time the 
expansion was adiabatic. The valve did not have to be finally 
closed, and ii and Pq were the initial and final pressures, 
and Tj and Tq the corr’esponding temperatures, y was obtained 
from tlie relation 



Determination of y from the Velocity of Sound. — 

When a regular succession of compressions and rarefactions 
are propagated, at sufficiently short intervals, through the 
air, the ear becomes conscious of a musical note. We will 
now obtain an expression for the velocity with which a com- 
pression is propagated through a gas. This will be equal to 
the velocity of sound in the gas. 

Let us suppose that we are provided with a very long tube. 



Fig. Z44. — Tube vrith movable piston. 

the internal sectional area of which is equal to i sq. cm. Part 
of such a tube is represented by AB, Fig. 14^. Let us further 
suppose that this tube is fitted with an air-tight piston P, 
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capable of moving along AB without friction. Our calcula- 
tions will be simplified if we assume the mass of this piston and 
its attachments to be so small as to be negligible* 

Let p be the atmospheric pressure. Then, if the tube is open at its 
other end, the force on either side of the piston will be equal to p dynes. 

Let the force pressing the piston into the tube be increased to 
{p + dp) dynes. The piston will commence to move inwards. We 
must now study the effects produced on the air inclosed in the tube. 

The first effect will be to compress the layer of air immediately in 
contact with the piston. When this has been so far compressed that 
its pressure amounts to /> + dp, no further compression will take place 
in it ; it will then merely serve to transmit the pressure p + dp to the 
next layer, which will be compressed in its turn, and so on. 

But during the compression of any layer, all the layers which have 
been previously compressed must move in the direction from A to B 
through the distance by which the layer in question is compressed. 

Let us suppose that, if the pressure of the air contained in AB were 
increased from p to p -{■ dp, one cubic centimetre of the air would have 
its volume diminished by dv. Then, if V cms. per second is the 
velocity with which a compression is propagated along AB, it is plain 
that V c.cs. will be compressed per second, since the sectional area of 
the tube is one square centimetre. Hence, the piston will move inwards 
at a uniform rate of Vdv cms. per second; and as the air already 
compressed simply serves to transmit the pressure to that which is 
uncompressed, the whole of the air which has been compressed will 
move forward with the same velocity as the piston, i.e., Vdv cms. per 
second. Therefore, in each second V c.cs. of gas will be set in motion 
with a velocity of Vdv cms. per second. Let p be the density of the 
air at a pressure of p dynes per sq. cm. Then during each second, 
Vp grams of air will be set in motion with a velocity of Vdv cms. per 
second. 

Kinetic energy communicated to the air in each second = ^Vp 
X (V^fv)*ergs. 

We must next find the work performed in compressing the air during 
one second. This will be equal to the average pressure of the air 
during the compression, multiplied by the amount by which the volume 
of the air is decreased. 

Initial pressure of air = p. 

Final „ „ ^ p + dp. 

/. Average pressure during compression — p + \dp. 
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In one second V c.cs. are compressed by Vdv c.cs. 

Work performed during each second in compressing the aii 
within the tube = {p -{■ ldp)Vdv ergs. 

Now, the' kinetic energy communicated during one second to the 
air within the tube, plus the work performed in compressing the 
air, is equal to the work performed by the agent moving the piston 
inwards. This latter is equal to the uniform pressure {p + dp), 
tending to force the piston inwards, multiplied by the distance Vdv 
through which the piston moves m a second. Hence finally we have ; 
Work performed by agent = kinetic energy communicated to the air per 
second + work performed in compressing air per second. 


{P + dp){Vdv) = lVp(Vdv)* + (/> + 
idp.Vdv = ^VpiVdv)^ 
dp = V*pdv 

V* = 

pdv 

Velocity with which a com- 1 y _ /^p^ 

pression is transmitted , , j ~ ” \/ 

dp 

The quantity which represents the ratio of a small increase of 


pressure, to the corresponding diminution of volume experienced by 
I c.c. of air, is termed the volume elasticity of the air. Writing this 
as Et, we have 


Velocity of sound in air = ^ ^ 


Elasticity. — If a pressure p reduces the volume of a 
homogeneous substance from z; to (z; — dv), the compression 
is dvjv. No\v the volume elasticity, E, of the substance is 
defined as the ratio 


^ _ stress _ pressure _ P __P‘^ 
strain compression ~ ~dvlv'~ dv' 

For solids, this expression applies provided the solid is not 
strained beyond the limits of recovery, but since liquids and 
gases have no fixed shape, and hence no tendency to recover 
their original shape, the compression will not, in general, be 
proportional to the pressure. We can, however, in the case of 
th^se substances, define E as the ratio of an infinitesimal 




XV 


ADIABATIC TRANSFORMATIONS 


321 . 


increase of pressure to the corresponding decrease in volume 
per unit volume. 

• E = 7,^ 

— dvjv dv ' 

The sign is negative since decrease in volume takes place, and 
dv denotes an increase in volume. 

Now, this change in volume can, in the case of gases, take 
place either isothermally or adiabatically, and the two results- 
will be different. 

We may therefore denote by and Ex the respective 
^ adiabatic and isothermal elasticities, then 

the subscripts ^ and T denoting respectively that no heat is 
lost or gained, and that there is no change of temperature. 

To Calculate the Isothermal Elasticity of vAir.— We 
have for the equation to an isothermal 

pv = constant. 

Differentiating p . dv v .dp = o 



Ex — p. 


Newton was the first to obtain an expression for the velocity of soundi 
in the form 

V = 

V Density * 

He thought that the isothermal elasticity should be used. 

Now under a pressure of 760 mm. of mercury, i c.c. of air at o* C„ , 
weighs -ooizgs grams. 

Density of air, under these conditions = *001293 grams per c.c,. 
Elasticity of air = pressure of air (in dynes) = 76 x 13*6 x 981 

= 1*014 X 10* dynes. " ; 
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/. Velocity of sound, on Newton’s H3T)othesis 
« 28,000 cms. per second. 


V 1-014 X IQ* 

•00x293 


The actual velocity of sound in air at o® C., as determined experi- 
mentally, is equal to 33,180 cms. per second, a value much larger than 
that obtained theoretically by Newton. 


Adiabatic Elasticity of Air. — Laplace, in 1816, pointed 
out that the compressions and rarefactions, which occur 
when sounds are being transmitted must be produced under 
adiabatic conditions. Thus, in the tube previously con- 
sidered, since a compression travels at the rate of 33,180 cms. 
per second, the time occupied in compressing each cubic centi- 
metre will be less than a thirty-thousandth of a second. In 
this short interval of time no opportunity will be afforded for 
the air to give up the heat produced by compression ; indeed, 
no more perfect realisation of adiabatic conditions could easily 
be imagined. Therefore, we must find the value of the adia- 
batic volume elasticity to substitute in Newton's formula : — 

y _ /Volume elasticity 
V Density 


From the adiabatic relation 


we have 


pvY = constant 
V , dp + yp , dv = o 



E^ = yp. 

It will thus also be seen that 



A thermodynamic proof of this result will be given in Chap. XVII. 
Substituting the value just found for in Newton’s formula, we get, 
if y = 1-40 

Velocity of sound in air b= V = a/— = ^ 1 - ^ 

M p V '001293 

= 33,130 cms. per second. 
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Determination of y from the Velocity of Sound.— 
If the density p of any gas, when subjected to a pressure p, is 
known, and the velocity of sound in the gas can be determined, 
the value of y can be obtained from the equation 



For methods of determining the velocity of sound in gases 
textbooks on Sound must be consulted. 

Magnitude of the Compressions transmitted in a 
train of Sound Waves. — When a musical note is sounded, 
a number of compressions, alternating with rarefactions, are 
propagated through the air. Lord Rayleigh estimates that at 
a point in the air where a note, corresponding to the middle C 
of the piano (256 complete vibrations per second), is just 
audible, the variations in the pressure amount to no more than 

± 6 X io~® atmosphere. 

This is a variation of pressure far smaller than can be directly 
measured by any known means. 

Adiabatic Expansion of a Saturated Vapour.— The 
general form of the isothermals of a substance, for temperatures 
immediately below the critical temperature, is indicated in Fig. 
145 {see also p. 206). On the straight parts AB, CD, of 
these isothermals, the substance exists partly as liquid and 
partly as saturated vapour. At the points A, C, &c., on the 
dotted line AC K, passing through the extremities of the straight 
portions of the isothermals, the substance is wholly in the state 
of saturated vapour. 

Let the isothermals in Fig. 145 be considered to refer to one gram 
a particular substance, and let the curve passing through A refer to T®, 
and that passing through C to (T + i)“. Then, in order that one gram 
of the substance should remain in the state of saturated vapour whilst 
it is heated from T® to (T + x)% a transiormation along the dotted line 
AC must be effected. 

Now it may be shown by the aid of reasoning similar to that 
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employed on p. 291, that during this transformation, which involves ark 
alteration of volume from Oa to Or, an amount of work equal to the 
area AarCA must be performed. This work will be transformed into 

heat in the vapour, and 
it may happen that the 
heat thus produced is 
itself sufficient to taise 
the temperature of the 
vapour from T® to 
(T + i)°. In this case 
no heat need be com- 
municated to the vapour 
from external sources. 
Consequently we might 
say that the specific heat 
of the saturated vapour 
had a zero value. 

It may even happen 
that more heat is de- 
veloped during the trans- 
formation from A to C 
than is required to heat 
the vapour from T to 
(T -f I)®. In this case 
heat must be removed 
from the substance as it 
passes from A to C. We should then have the peculiar phenomenon 
of a substance parting with heat as its temperature is raised, and 
absorbing heat as its temperature falls. We might then say that the 
saturated vapour in question possessed a negative specific heat. 

If the heat equivalent of the work corresponding to the area ^acCA 
is not sufficient to raise the temperature of the vapour from T to 
(T + 1 )®, heat must be supplied from external sources during the 
above transformation, and the saturated vapour possesses a positive 
specific heat. 

It may easily be seen that a saturated vapour will possess a specific 
heat of zero value when the adiabatic through A coincides M'ith the 
line AC. If the adiabatic through A slopes more steeply than AC, the 
saturated vapour will possess a negative specific heat, whilst a positive 
specific heat will correspond to an adiabatic sloping less steeply 
than AC. 

Specific Heat of Saturated Steam.— The specific heat 
of saturated steam is negative at ordinary temperatures.^ 

* ^ See Table at end of book. 
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Hence, if a mixture of steam and water is compressed under 
adiabatic conditions, some of the water will be converted into 
steam. On the other hand, if saturated steam is allowed to 
expand, part of it will be converted into water (see also p. 238). 

Hirn’s Experiments.— Him inclosed a quantity of steam, 
under a pressure of 5 atmospheres, in a long copper cylinder 
with glass ends. Initially the steam was perfectly transparent ; 
but on opening a valve, and allowing some of the steam to 
escape, that which remained in the cylinder became partially 
condensed, forming an opaque cloud. 

Specific Heat of Saturated Ether Vapour. — Satu- 
rated ether vapour possesses a positive specific heat. Hence, if 
a quantity of saturated ether vapour is compressed, a partial 
condensation will occur, whilst if the volume of a vessel contain- 
ing a quantity of ether and its saturated vapour is suddenly 
enlarged, some of the liquid ether will be converted into 
vapour. 


Summary to Chapter XV. 

An Adiabatic transformation may be defined as the result of 
any operations performed on a substance, subject to the condition that 
heat is neither communicated to, nor abstracted from, it by external 
bodies. 

Adiabatic Curve. — A curve representing the relation between the 
pressure and volume of a substance when heat is neither communicated 
to, nor abstracted from, it by external bodies, is termed an adiabatic 
curve. An adiabatic curve of a gas has a steeper slope at any point 
than the isothermal cutting it at that point. 

The equation to the adiabatic of a perfect gas is given by 
t IP = constant, 

where t is the ratio of the constant pressure and constant volume 
specific heats i the gas. 

The value of 7 may be experimentally determined — 

(1) From direct measurements of the constant pressure and con.stant 
volume specific heats of a gas (see pages 156 to 161). 

(2) By Clement and Desormes’ method. A quantity of compressed (or 
rarefied) gas is put for a few moments in communication with the atmo- 
sphere, so that its pressure may sink (or rise) adiabatically to the 
atmospheric pressure. During this process the temperature of the 
gas falls (or rises), and after the gas has been shut off from the atmo- 
sphere the pressure increases (or decreases) until the temperature of 
the atmosphere is once more attained. 
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(3) From the velocity of sound. The velocity of sound in gas is 
equal to 

\/~* 

^ P 

where E^sa the adiabatic elasticity of the gas, the ratio of a small 
increase of pressure to the corresponding diminution of volume pro- 
duced in each c.c. of the gas, when the compression is performed 
adiabatically. 

p = the density (mass of unit volume) of the gas at the initial tem- 
perature and pressure. 

The adiabatic elasticity of a gas is equal to the product of 7 (the 
ratio of the specific heats of the gas) into the piessure of the gas. 

Specific Heat of Saturated Vapours. — When the temperature 
of a mass of saturated vapour is raised, the vapour must be compressed 
in order that it should remain saturated. Duiing this process work 
must be performed on the vapour, and the heat thus produced may be 
sufficient (or more than sufficient) to produce the requisite rise of tem- 
perature. 

In the latter case heat will be g*ven out by the saturated vapour as 
its temperature is raised, and consequently its specific heat is said to be 
negative. 

Saturated steam possesses a negative specific heat. When it is 
allowed to expand adiabatically a partial condensation occurs. 

Questions on Chapter XV. 

( 1 ) Prove the law connecting the temperature and volume of a mass 
of perfect gas undergoing adiabatic compression. 

How many degress will dry air at 15® C. and normal pressure rise if it 
be suddenly compressed to one-fourth its volume ? 

Take the ratio of the specific heats as i *4. 

(2) Show how to find the specific heat of a gas at constant volume 
from a knowledge of its value at constant pressure, and of the velocity 
of sound. Explain further how Joule’s equivalent may be found from 
the values of the two specific heat.s. 

(3) Explain the difference between the adiabatic and the isothermal 
elasticities of a substance, and show how to determine the ratio of these 
two elasticities for common air experimentally. 

(4) What are adiabatic and isothermal changes ? 

Show on the indicator diagram the general course of the adiabatic 
and isothermal lines for water substance which is initially in the vaporous 
condition not far from its condensing point, and show that condensation 
may be produced either by adiabatic expansion or isothermal compres- 
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CARNOT’S CYCLE AND THE SECOND LAW OF THERMODYNAMICS 

An Ideal Heat Engine.— All heat engines exhibit the 
characteristic that heat disappears during the performance of 
work. Thus, in Hirn’s experiment (p. 278) it was found that 
during a given time the heat entering the cylinder of a steam 
engine was greater than that carried away by the waste steam, 
the excess being proportional to the work performed by the 
engine. 

On the other hand, heat engines differ considerably one from 
another in details of their construction. In many cases these 
differences are purely of a mechanical nature, and consequently 
do not concern us in the study of heat. Thus, the commercial 
efficiency of an engine depends on the accuracy with which the 
various parts have been shaped and put together, and will 
vary with the system of lubrication employed, together with 
many other circumstances of a like nature. It is therefore 
advisable, in studying the purely thermal side of the subject, to 
select some simple form of engine, so that our attention may 
be concentrated on the essential features of the thermal 
operations. In speaking of a “ simple form of engine,” it must 
be understood that the simplicity lies in the theory of the 
operations, rather than in the method by which these operations 
could be carried out in practice. 

Let us suppose, then, that we are provided with a cylinder A, 
Fig. 147, furnished with an air tight and frictionless piston, and 
filled with a substance which we may at first consider to be a 
gas. For simplicity we will suppose that the piston and sides 
of the cylinder are impermeable to heat, but that the bottom of 
the cylinder is a perfect conductor. Thus, if the cylinder is 
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placed on a non-conducting base, any alterations which occur in 
the inclosed gas will be subject to adiabatic conditions. On 
the other hand, heat may be communicated to the inclosed 
gas by standing the cylinder on a conducting base maintained 
at a suitable temperature. 

Cyclical Operations.— Let us suppose that the isothermals 
for a certain quantity of a substance have been determined and 
plotted in the manner previously described, {see, for instance, 
pp. 98 and 207). Then it is clear that any point in the 
quadrant lying between the axes of pressure and volume will 
correspond to a definite condition of the substance ; i.e, the 
substance will be subjected to a certain pressure, will occupy a 
certain volume, and will be at a definite temperature. 

It is equally clear that if any thermal transformation be 
effected, the various stages of that transformation may be re- 
presented by points on a curve drawn in the quadrant lying 
between the above axes. 

As a particular instance of such transformation, we may sup- 
pose that the substance is finally brought back to its initial 
condition. In this case the various stages of the trans- 
formation may be represented by a closed curve such, for 
instance, as ABCDEFA, Fig. 146. A definite temperature, 
pressure, and volume of the substance will correspond to each 
point on the curve. We may imagine a quantity of some 
substance, initially in a condition represented by A, to suc- 
cessively pass through the conditions corresponding to the 
points BCDEFA along the given curve. Then the substance 
is said to have been subjected to a 
cycle of operations, or to have traversed 
the cycle ABCDEFA. 

Reversible Cycles.— If a sub- 
stance can be caused to traverse a 
cycle either in the order ABCDEFA, 
or in the order AFEDCBA, Fig. 146, 
the thermal actions at all points being 
reversed when the cycle is traversed 
in a reverse direction, the cycle is said 
to be reversible. 

Internal Energy.— In certain 
cases, heat may be used up by a sub> 
stance in*the performance of internal work. A familiar instance 



Fig. 146 .—Graphic represen- 
tation of a complete cycle 
of operations. 



XVI THE SECOND LAW OF THERMODYNAMICS 


3^9 


is afforded by the heat absorbed during a change of state. Thus, 
during the conversion of one gram of water at loo® C. into steam 
at the same temperature, 537 calories are absorbed. When a 
quantity of heat, equivalent to the external work performed 
during the expansion which occurs, has been subtracted from 
the total latent heat of steam, we are still left with a considerable 
quantity of heat which has disappeared (p. 361). 

From the first law of thermodynamics, this heat must have 
been used up during the performance of work. We are thus led 
to the conclusion that internal work is performed on the water 
during its conversion into steam. In the performance of 
this work the potential energy of the molecules has been in 
some manner increased. This increase of potential energy may 
be reconverted into heat by allowing the steam to condense. 

Internal work would also be performed during the expansion 
of a gas, if attractive forces were exerted between neighbouring 
molecules. 

In traversing a complete cycle the substance is finally brought 
back to its initial condition. Thus, the potential energy possessed 
by the molecules will have the same value at the end, as at the 
beginning, of the cycle. Consequently, in estimating the amount 
of work performed during a cycle, any changes which may have 
occurred in the internal energy of the substance may be left out 
of account. These changes of energy must cancel each other. 

Carnot’s Reversible Cycle. — We have already in- 
vestigated some of the most important properties of two sets of 
curves which can be drawn in the quadrant lying between the 
axes of pressure and volume. We have learnt to call these 
curves isothermals and adiabatics respectively. The condition of 
a substance during an isothermal transformation is defined by 
the restriction that its temperature must remain constant. 
In passing along an adiabatic, the condition to be complied 
with is that no heat shall be communicated to or abstracted 
from the substance by external bodies. 

The above conditions are the simplest imaginable, and there- 
fore a cycle of operation which involves only isothermal and 
adiabatic transformations will be of a simpler character, 
than one represented by an arbitrary curve such as that given in 
14b. Such a cycle is therefore often termed a simple 

cycle. 
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Referring once more to Fig. 147, let us suppose that we are 
provided with the cylinder A containing a quantity of a perfect 



Qmduetoref 




Conduetora^ 

Hea£ 


IkaamAtdu 


Beat 

mainAunea 


at 


■mmnialnid 

air,*. 


Beat 




Fig. 147. — Diagrammatic representation of an ideal heat engine. 

gas. In this case no internal work is performed during ex- 
pansions and compressions. Let us further suppose that in 

addition to the non-conducting 
stand B, we are provided with 
the two conducting stands C and 
D, maintained at the absolute 
temperatures Tj® and Tg® respec- 
tively, Tj being greater than 
Tg. The temperatures of these 
stands are supposed not to 
7* change when 
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Fig. 148. — Graphic representation of Carnot’s Cycle. 


heat is taken 
from or added 
to them. 

Let us suppose 
that the gas in 
A is initially at 
the temperature 
and occupies 
a volume equal 
to On, Fig. 148^ 


under a pressure equal to nA. Then the initial condition of 
the gas is represented by the point A. 
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The following operations may now be performed. 

(A) Place the cylinder on the non-conducting stand B, and 
allow the gas to expand adiabatically till its temperature falls 
to Tg®. 

The adiabatic line AB will be traversed from A to B, and 
during the expansion, a certain amount of external work, equal 
to the area KBba, will be performed (p. 291). This work 
might be utilised in raising weights, or in driving machinery. 
The area A'Bha has been shaded downwards from left to 
right, in order to indicate that the work has been performed 
by the gas on external bodies. 

The work done by the gas is given by 

a,, = pdv = = area AafcB. 

Ja y - i 

(B) Place the cylinder on the conducting stand which is 
maintained at a temperature Tg, and force the piston in till the 
volume of this contained gas has been reduced from Ob to Oc, 
It is supposed that the gas remains during this operation at the 
uniform temperature Tg. Hence, in passing from B to C, the 
isothermal BC will be traversed. 

A certain amount of work equal to the area 'BCcb has been 
performed by external agency during this operation. This 
work has been converted into heat, which has been communi- 
cated to the stand maintained at the temperature Tg. Let us 
suppose that the total amount of heat thus rejected is equal 
tog,. 

The area BCc6 has been shaded downwards from right to 
left to indicate that work has been performed by external 
agency on the gas. 

The work done on the gas is 

= Qg = j pdv = RT log ~ = area 'RbeC. 


(C) Place the cylinder on the non-conducting stand B, and 
force the piston inwards, thus compressing the inclosed gas 
adiabatically till its temperature rises to Tj. The adiabatic 
CD will be traversed from C to D, and an amount of work 
equal to the area CDdc will be performed on the gas by external 
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agency. This area is accordingly shaded downwards from 
right to left. 

The work done on the gas is 
/C R 

= / pdv — (Ti — Tg) = area CcdD, 

Jd y — I 

i.e. = w^. 

(D) Place the cylinder on the conducting stand C, which is 
maintained at the temperature T^, and allow the gas to expand 
till it attains its original volume. The isothermal DA will be 
traversed from D to A, and an amount of external work equal 
to the area \yKad will be performed hy the gas. Hence the 
area 'DAad has been shaded downwards from left to right. In 
order that the temperature of the gas may be maintained at Tj, 
a quantity of heat equivalent to the total work performed must 
have been communicated to it from the stand C. 

The work done on the piston by the free expansion of the 
gas is 

W4 = Qi = / pdv = RTi log— = area DdaA. 

Jd 

Let Qj be the heat communicated to tlie gas during this last 
operation. 

Certain parts of the diagram have become cross-hatched. 
These parts represent work first performed on the gas by external 
agency, and subsequently performed by the gas on external 
bodies. In the complete cycle these quantities of work cancel 
each other (p. 262). On the other hand, the area inclosed by 
the figure ABCD is shaded only from left to right. This area, 
therefore, represents the net amount of external work performed 
by the gas whilst the cycle ABCD was traversed. 

The results of the cycle can now be summarised as 
follows : — 

1. The gas was initially in the condition represented by the 
point A, and is finally brought back to the same condition. 

2. A quantity of heat was absorbed whilst the gas was at 
the temperature Tj. 

3. A quantity Qg of heat was given up by the gas whilst at a 
temperature Tg. 

4. A net amount of external work equal to the area ABCD, 
has been performed by the gas. 
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Thus the net work W done by the engine is 

W = le/j + “^3 — 

= axea ABCD 

From the First Law of Thermodynamics, the net amount of 
work performed during the cycle must be equal to the heat 
which has disappeared. Hence the area ABCD must be 
dynamically equivalent to (Q^ — Qg), 

L.. W = - Q,. 

The Cycle described' above is Reversible.— Thus, 
starting at A, compress the gas isothermally till its volume is 
diminished to Od. The isothermal AD is thus traversed from A 
to D, and a quantity of work equal to tlie area KDda is per- 
fermed by external agency on the gas. A quantity of heat Qi is 
thus given out by the gas. 

Allow the gas to expend adiabatically till its temperature 
falls to T^. A quantity of work equal to the area is thus 

performed by the gas. 

Now allow the gas to expand isothermally from C to B. A 
quantity of work equal to the area CBbc is performed by the gas ^ 
and a quantity of heat equal to Qg is absorbed. 

Finally, compress the gas adiabatically from B to A. .^n 
amount of work equal to the area WP^ab will be performed by 
external agency on the gas. 

Fig. 148 will represent the operations performed, if we now 
consider portions shaded downwards from left to right to re- 
present work performed by external agency on the gas, portions 
shaded from right to left representing external work performed 
by the gas. 

The result may be summarised as follows : — 

I A. The gas was initially in the condition represented by the 
point A, and is finally brought back to the same condition. 

2A. A quantity Qi of heat was given up by the gas whilst at an 
absolute temperature Tj. 

3A. A quantity Q2 of heat was absorbed by the gas whilst at 
a temperature Tg. 

4A. A net amount of work, equal to the area ABCD has been 
performed by exter?ial agency on the gas. 

. From the First Law of Thermodynamics^ the heat (Q^ — Qj) 
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which has made its appearance, is equivalent to the work per- 
formed on the gas by external agency during this series of 
operations, to the area ABCD. 

Comparing the results obtained above, we see that in the 
case where external work was performed, heat was absorbed at 
a temperature T„ and part of it was given up at a lower tem- 
perature Tg. Hence in this case, heat flows from a hot body to 
one at a lower temperature. On the other hand, when heat was , 
absorbed at T.,, and given out at a higher temperature Tj, work 
was necessarily performed by external agency on the gas. 

The Second Law of Thennodynamics.--According 
to Clausius, this may be stated as follows : — 

It is impossible for a self-acting machine, unaided 
by any external agency, to convey heat ft*om a body 
at a low to one at a higher temperature ; or heat 
cannot of itself (that is, without the performance of 
work by some external agency) pass from a cold 
to a warmer body. 

This law represents the result of universal experience with 
regard to heat engines and the general phenomena attending 
the transference of heat. 

It must be clearly understood that it only applies to cyclical 
operations />., when the working substance is in the end brought 
back to its initial condition. 

Passage of heat from a cold to a warmer body.— 
Let us suppose that we are provided with two cylinders A and 
B, each fitted with an air-tight and frictionless piston, the 
pistons and walls of the cylinders being non-conductors of heat 

Let the air in A be initially at a higher pressure but at a 
lower temperature than that in B. Then if the pistons are 
connected in a suitable manner, the air in A may be allowed to 
expand and compress the air in B. Both operations will be 
performed under adiabatic conditions, and therefore the air in 
A will be cooled, and that in B will be heated. Further, 
as the work performed by the air in A is equal to the work 
performed on the air in B, the amount of heat which disappears 
in A will be equal to that generated in B. Hence heat will/ 
disappear from a cold body A, and reappear in a warmer one B. 

It must be noticed, however, that at the end of the experiment 
the condition of the air in either cylinder will differ from its 
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initial condition. Hence, no breach of the Second Law of 
Thermodynamics is* involved. 

The following experiment, which at first sight seems to- 
contradict tlie above law, is capable of a somewhat similar 
explanation. 

Expt. 64. — Make a saturated aqueous solution of calcium chloride, 
and having placed a thermometer in it, heat the solution by the aid of 
a Bunsen flame to about 95® C. Now pass steam into the solution, 
and note the temperature to which it rises. It will be found that a 
temperature of 109— 1 12® C. will he finally attained. 

In this experiment, heat passes from steam at 100® C. to the solution 
which is at a higher temperature. 


During the experiment, steam is condensed in the solution, 
so that its initial and final conditions will be different. The 
strength of the solution is, in fact, progressively weakened. 
Hence this case is outside the Second Law of Thermodynamics. 

The actual explanation of the experiment is somewhat as 
follows. Calcium chloride is a highly hygroscopic substance ; 
consequently when steam is passed into the strong solution, part 
of it is condensed to form a loose chemical combination witb 
the calcium chloride. But for every gram of steam 
condensed, about 536 calories are given up, so that the 
temperature of the solution rises. The temperature will 
continue to rise till the boiling point of the solution is reached, 
when no further change will take place. 

Compare the results of the above experiment with those 
obtained when water and strong sulphuric acid, initially at the 
same temperature, are mixed. 

Efficiency of a Heat Engine.— The efficiency of a heat 
engine may be measured by the proportion of the total heat 
absorbed at the higher temperature, which is converted into 
external work, 


i,e. 


efficiency = 


work output 
work input * 


W 

Thus, if W represents the area ABCD, Fig. 148, then -j will 

Represent the heat equivalent of the work performed by the 
gas during the direct cycle. Further, 

: : 

by the Fi^ Law of Thermodynamics. \ ^ 
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Therefore the efficiency e of the engine, when absorbing heat 
at a temperature Tj, and discharging heat at a temperature T2, 
may be written 


W 



Qi ~ Q2 . 
Qi 


Carnot’s Theorem— All reversible heat engines 
possess the same efficiency when absorbing and 
rejecting heat at the same two temperatures.- 
The truth of Carnot’s theorem may be proved by showing that 
if it were false, the Second Law of Thermodynamics would be 
violated. 

Let us suppose that we are provided with two heat engines, 
A and B, both of which, Avhen working directly, absorb heat from 
a source maintained at a temperature Tj, and reject heat into a 
•condenser maintained at a temperature Tg. 

It is important to remark that no heat is supposed to be 
iibsorbed or rejected except at the two specified temperatures. 

The working substances enclosed in the two cylinders may be 
different ; we are in no way concerned with the form of the 
-cylinders or with any mechanical details. 

If the efficiencies of A and B are not equ'al, let us suppose that 
A has a greater efficiency than B. Then we may suppose that 
in B the length of stroke (/>., the distance through which the 
piston moves backwards or forwards) is so adjusted that the 
work performed in a complete cycle is equal to that performed 
by A under similar circumstances. 

By means of suitable mechanism, A may be coupled go that 
when it works directly, it drives B reversely. Then, during each 
■complete cycle, A will absorb a quantity Qj of heat at the tem- 
perature Tj, and reject a quantity Q, at a temperature T2. 

On the other hand, since B traverses the cycle in a reverse 
sense, it will absorb a quantity Q,/ of heat at a temperature T2, 
and discharge a quantity Q^' of heat at a temperature Tj, . 


Since equal amounts of work are performed in both cases, we have, 
in accordance with the First Law of Thermodynamics, ' . 

Qj-Q2 = Qi'-Q'2 (I). 
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But if the efficiency of A is greater than that of B, we must have 


Qi 

Therefore, dividing (2) by (i), we get ^ 

Oi Oi 

Qi' > Qi 

Also Qj' > Q2, from (3) and (i). 


( 2 ). 

( 3 ). 


This means that the quantity Q|' of heat which B discharges 
into the source is greater than the quantity Qj which A absorbs 
from the source ; whilst the quantity Q2' of heat which B absorbs 
from the condenser is greater than the quantity Qg of heat which 
A. discharges into the condenser. Hence during the per- 
formance of each complete cycle, a quantity of heat equal to 

Qi “ Qi = Q2 “ Q2 

will be transferred from the condenser at Tg to the source at a 
higher temperature Tj. Since no external agency is supposed 
to aid the two engines, heat passes from a body at a low to one 
at a higher temperature without the performance of work by 
external agency. This is a violation of the Second Law of 
Thermodynamics. 

Hence Q2'= Q2> and Qi'= Qj. Therefore ~ 

Vi Qi 

and the efficiencies of the two engines are equal. 

Remarks. — Some confusion is sometimes occasioned by the 
use of the word “ engine” in the above argument. In ordinary 
language, the word engine is generally understood to refer 
almost exclusively to the mechanical arrangements used for 
facilitating the conversion of heat into work. In the general 
theory of heat engines as developed above, the term engine 
must be understood to apply almost exclusively to the working 
substance used in the conversion of heat into work. The 
mechanical arrangements used are in all cases supposed to be 
perfect, so far, at least, as is necessary in order that *the 
theoretical conditions may be complied with. 

The meaning of Carnot^s theorem may be made clearer by 
the following illustrative example. Ether, water, and mercury, 
when heated (say) from 10° C. to i2o°C., will all suffer changes 
of volume. In each case, too, the adiabatic elasticities will differ 
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more or less from the isothermal elasticities. Let us suppose, 
then, that three engines are constructed so that 

1. An isothermal expansion may take place at the temperature 
120° C. 

2. Adiabatic expansions and compressions may take place 
between i2o° C. and io° C. 

3. An isothermal compression may be effected at the tempera- 
ture 10° C. 

Now during the expansions of the various substances the 
actual variations in volume, together with the forces called into 
play, will differ greatly. Further, different quantities of heat 
will be absorbed at Tj and rejected at Tg. But in all three cases 
the ratio 

Work performed 

Heat absorbed from the source 

will have the same value, provided no irreversible effects, such 
as those due to friction, are called into play. 

Thus, ether might be used instead of steam as the working 
substance in an engine, without the theoretical efficiency of the 
engine being altered. In the case of mercury, the expansion 
would be very small, and the forces called into play would be 
correspondingly large. Hence a different mechanical construc- 
tion would be n<*( essary. But provided this were carried out so 
as to fulfil the theoretical conditions applying to a heat engine, 
liquid mercury could be successfully used as a working 
substance. 

Actual heat engines will approximate to the theoretical 
efficiency of an ideal heat engine working between the pre- 
scribed temperatures, in proportion as the cycle traversed 
approximates to a reversible cycle ; provided that heat is 
absorbed only at the higher temperature, and rejected only at 
the lower temperature. In no case can the efficiency of a heat 
engine be greater than that of an ideal heat engine working 
between the same temperatures. 

In considering Carnot’s cycle, it was assumed that a gas 
was inclosed in the cylinder A (Fig. 147). We are now in a 
position to see that the value 

Qi ^ Q2 
Qi 
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will be the same, whatever working substance is inclosed 
in the cylinder. Thus, if internal work is performed in 
traversing the isothermals DA and BC (Fig. 148), the values of 
Qi and Q, will differ from the heat equivalents of the areas 
DAad and BCch. Never- 
theless Qi — Q2 will be 
equal to the net amount 
of external work per- 
formed during the cycle, 
since the working sub- 
stance is in the end 
brought back to its initial 
condition (p. 328). Also 
the efl&ciency 

Qi ~ Q2 

Qi 

will be the same as for a 
perfect gas absorbing and 
rejecting heat at the same 
temperatures. 

Lord Kelvin's Absolute Scale of Temperature. — 
We have seen that the efficiency of a reversible engine work- 
ing between any two temperatures is entirely independent of 
the properties of the working substance which is employed. 
This led Lord Kelvin, in 1848, to propose the thermodynamic 
scale of temperature based on the laws governing the con- 
version of heat into work, and therefore independent of the 
properties of any particular substance. Let us suppose that 
two isothermals have been obtained for a substance at two 
arbitrary but definite temperatures. Let these isothermals, 
be represented by AA' BB', Fig. 149. For convenience we 
will suppose that the temperature corresponding to BB' is that 
of water boiling under standard conditions (see Ch. II.), whilst 
the temperature corresponding to AA' is that of melting ice. 

Take any point /? on BB' and determine the adiabatic pa, 
passing through this point ; this adiabatic cuts the isothermal 
AA' in the point a. 

Now allow the substance to expand isothennally from the 


AEDCB 



Fic. 149. — Graphic representation of Kelvm*s 
absolute scale of temperature. 
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point p to /J' ; the amount of work performed may be measured 
in mechanical units. Next determine the adiabatic cut- 
ting the two isothermals in /S' and a'. As previously explained, 
the external work performed by a reversible heat engine, whilst 
describing the cycle /S/3' a' a between the temperatures of boiling 
water and melting ice, will be equal to the area /3/S' a' a. 

Let us now divide the area /S/S' o' a into any convenient 
number of equal parts by means of isothermal lines, such as 
CC', DD', EE', &c. (Only four are shown in the figure, but 
the most convenient number would be loo.) Then we have 
Area PP'y'y = area yy'8'S = area SS'c't = area ee'a'a. 

Now let us define the temperature of any isothermal as proportional 
to the area enclosed by it and the two adiabatics pa and P'a\ and the 
isothermal AA'. Thus, since the area ee'a'a = J area / 5 / 3 'o'a, we may 
define the temperature corresponding to EE' as 25° + where 0 ^ is 
the temperature corresponding to the isothermal AA'. The tempera- 
ture corresponding to DD' will be 50® + and that corresponding to 
CC' will be 75® + $0, 


It may now be proved that tempefatures measured on this 
scale are independent of the nature of the substance, of which 
the isothermals and adiabatics have been used. 

The fact that the efficiency of all reversible engines working 
between two temperatures T^ and T^ is a function of these 
temperatures only can be expressed in the form 


W 

Qi 


= /(Ti.T,). 


We have shown that W = Q, — Q,. 


or ^ = F(T., T.). 


Now if we have Carnot engines working between the temperatures 
(T„ Tj), (T,, Ts), (Ti, T#) the heat evolved or absorbed at these tem- 
peratures being Qi, Qj, Q#, then : 

Q,/Q. = F(T.,T,) 

Q./Q. = F(T.,t.) 

Q./Q. = F(T„ t.). 


Multipl}dng the first two of these, we have 

Qi/ 0 .“F(T„T,).F(T„T.) 




XVI THE SECOND LAW OF THERMODYNAMICS 341 


i.e. F must satisfy the relation 

F(T„T.) = F(T„T,).F(T„T,) 
i.e. F(T„ T,) must be of the form ^T,/^Tj. 

Qi _ fr, 

Qa ^a 


Hence 


t.e. 


Thus, the ratio of any two temperatures on the Kelvin scale is 
I equal to the ratio of the heat absorbed to the heat rejected by 
an ideal heat engine working between those two temperatures. 

It may also be noticed, that the value of a temperature 
measured in the above manner is independent of the particular 
adiabatics chosen. 

Temperatures Measured on Lord Kelvin’s Scale will 
agree with those Measured by the aid of a Perfect 
Gas Thermometer. — Returning to Fig. 148 used in describing 
the ideal Carnot cycle : — 


Since A and B lie on the same adiabatic 

= constant. 

\Va/ Tg 


Hence 


Similarly 

Thus 


1 



^ 

Va Va 


i.e, — = — = ft the isothermal expansion ratio. 


Then from p. 332 


and 

and 


also from (1) and (2) 
H 


Q. = RT.log|^=RT,logft . . 

^d 

Qg=RTglog^ = RTglogft . . 

W = Q, - Qg = R(Ti - Tg) logft 
Qi_T, 

. Q. TV 


(1) 

(2) 
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But it has been shown that 

Qi^ii 
Q« 0 .' 

• Ti = 

•• T» e, 

i,e. the ratios of any two temperatures on the Kelvin scale and 
on the ideal gas scale are equal. Now, if Tj = 0,^1 = o, the 
two scales have the same zero, for on the Kelvin scale cannot 
be negative, or the engine would be converting more heat into 
work than it takes from the source. Thus the Kelvin scale^ 
leads to an absolute zero of temperature which does not in 
itself imply any cessation of molecular motion as inferred for 
the gas kinetic theory. 

If we postulate 100 degrees between the lower and upper 
fixed points on the two scales, we have 

To ^ ^0*^ 

To + 100 $0 + 100 



i.e. T = ^ 


thus any temperature on the Kelvin scale is the same as the 
corresponding temperature on the ideal gas scale, and thus 
the two scales are identical. 

Advantages of Lord Kelvin’s Absolute Scale of 
Temperature. — In measuring temperatures by the expansion 
of some substance, the magnitude of a degree will depend more 
or less on the nature of the substance. Even with a gas 
thermometer the magnitude of a degree will vary according 
as carbon-dioxide or hydrogen is used. 

The ultimate aim of science is to obtain all measurements in 
terms of the fundamental units of length, mass, and time, or in 
terms of a derived unit, such, for instance, as that of energy. 

But in utilising the expansion of a substance in meeisuring 
temperature, a property of a particular substance is involved. 

On the other hand, when Bi and B^ are measured on X^rd 
Kelvin’s scale, we have : — 

Qi 
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Qi and Qg can be measured in terms of energy, since by the 
first law of thermodynamics, heat is proportional to work. 
Therefore, the ratio of any two temperatures may be obtained 
from purely mechanical considerations, and will be inde- 
pendent of the particular substance used in the conversion of 
work into heat. < ' 

Lord Kelvin’s thermodynamic scale of temperature is there- 
fore absolute in the true sense of the term. ^ 

The magnitude of and 6 2 will depend on the fixed points 
chosen. It is most convenient to choose these as the lulling 
point of water and the melting point of ice. 

Supposing that we could obtain a quantity of a perfect gas, 
i.e., a gas which would obey Boyle’s law for all pressures, 
then the ratio of any two temperatures, as measured by the 
expansion of this gas at constant pressure, would be equal to 
the ratio of the corresponding temperatures measured on 
Lord Kelvin’s scale. If the same fixed points were chosen in 
both cases, then the absolute magnitude of a temperature 
would be the same, whichever of these two systems was used. 

Now experiment has shown that no gas can be considered 
' * perfect, * ’ in the above sense of the term . The product of the 
pressure and volume of hydrogen remains most nearly constant 
(p. 202), whilst the other “ permanent ” gases exhibit greater 
deviations from Boyle's law. Temperatures measured on the 
constant pressure hydrogen thermometer will coincide, to a 
close approximation, with those measured on Lord Kelvin’s 
absolute scale. 

Entropy. — In passing along an adiabatic, such as aeSy^S, 
Fig. 149, successive changes of temperature are experienced by 
a substance. At p the temperature of the substance will be 
that of water boiling under standard conditions, whilst at a the 
temperature will be that of melting ice; all intermediate 
temperatures will be successively attained in passing from 
a to p. 

Moreover, in passing from one isothermal to another, the 
same alteration in temperature will be experienced, no matter 
what adiabatic is traversed. This is self-evident, since by 
definition a substance has the same temperature at all points 
on an isothermal. Hence since y and y are on the isothermal 




344 


HEAT FOR ADVANCED STUDENTS 


CHAP. 


CC', these points will correspond to equal temperatures. 
Similarly /S and / 3 ' will correspond to equal temperatures. 
Therefore, in passing from y to the rise in temperature will 
be equal to that on passing from y' to fi'. 

Let us now turn our attention to the thermal changes which 
correspond to the passage, '^long an isothermal, from one 
adiabatic to another. During this transformation, the tem- 
perature remains constant, and a certain quantity of heat 
enters the body if external work is performed hy it, or if its 
internal energy is increased, or is reject^ by the body if work 
is performed on it hy external agency, or if its internal energy is 
diminished. 

Now during the passage along different isothermals, equal 
quantities of heat will not be absorbed or rejected between the 
same adiabatics. Thus, from Carnot's theorem, if Qi units of 
heat are absorbed in passing from to / 3 \ Fig. 149, at the con- 
stant temperature 61, then Qa units will be given up during 
the passage from y to y at the temperature 0 ^ ; the relations 
between and Qa being expressed by the equations ; — 

Qi — Q2 = area 

Qi Qa _ ^1 ^2 

Qi ■ 

••• §; = |(^^‘'P-342). 

. Q2 Qi 

•• O2 ^1* 

Further, the above operations are reversible, i.e., if Qj units of heat 
are given up during a compression from y' to y at a temperature 62, Qj 
units will be absorbed during an expansion from y to y'. 

In the same way it may be shown that in passing along the isothermal 
for $2 from any point 8 on the adiabatic py8a to a point S' on the 
adiabatic fi'y'8'a*, the amount of heat Q, absorbed will be given by the 
relation 

^ S? = ^ 

O2 Bi 

Hence in passing along any isothermal from one adiabatic 
to another, the ratio 
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Hea t absorlyd (or rejected) 

Absolute temperature corresponding to isothermal traversed 

will be constant, whatever isothermal path is chosen. 

This ratio may be used to distinguish different adiabatics, 
just as different isothermals are distinguished by their tern* 
peratures. This characteristic property distinguishing one 
adiabatic from another is termed difference of entropy, and 
since all points on an adiabatic will be characterised by the 
same entropy, we may define this quantity as follows : — 

The term Entropy is applied to that thermal pro- 
perty of a substance which remains constant as long 
as heat is not communicated to or abstracted from 
it by external bodies. 

Actually, we are always concerned with changes of entropy, 
so that if entropy is denoted by <f>, and if a substance absorbs 
a quantity of heat dQ at temperature T, its increase in entropy 
is d^ and we have 



Let a substance be taken round the reversible cycle ABCD. (Fig. 150.) 



V 

Fig. 150.— Entropy change for a Carnot cyr 

aa', y/5', S8' represent adiabatics and «j8, yS, a'/?' 
Then the areas ySS'y' represent two of a s 

Let dQ be the heat absorbed at temperature T b 
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Converting to an exact diiferential by multiplying by the 
integrating factor i/T 




P dv 

= + R- 


= d(Cy log T -f R log v) 
= d<l). 


Entropy of a Perfect Gas. — ^The increase in entropy of 
a gram-molecule of a perfect gas expanding isothermally at 
temperature T from volume t; to is 


_ /*'» dU + pdv 

'~l T 


Jv 

Rlogx.^*. 


The term entropy is due to Clausius. Entropy in the second 
law of thermod5mamics correspond^ to energy in the first law. 
Clearly it depends only on the thermal state of a substance, 
and is always the same for a given state. The absolute 
entropy of a substance cannot be stated, but only the amount 
relative to a standard state. Adiabatics are sometimes 
referred to as isentropics, or lines of equal entropy. 

The concept of entropy, although denoting a real physical 
quantity and a definite function of the state of the body, is 
less easily grasped than that of temperature, pressure, or 
volume, because it cannot be made apparent to the senses as 
can be done for these other quantities. ^ Entropy can be 
measured in calories or ergs per degree. 


To calculate the entropy absorbed by lo gms. of water when its 
temperature is raised from o° C. to 1° C. 




■ 10 calories, 

IQ 

273'5 


T=5«±^ = .73-5» 


— *0366 calories per degree (units of entropy). 
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Temperature-Entropy Diagrams — In defining the 
condition of a substance, instead of specifying its pressure, 
volume, and temperature, it is often preferable to state its 
temperature and entropy. % ' 

We may mark off equal increments of entropy along a hori- 
zontal axis, and equal increments of temperature along the 
vertical axis. 

The isothermals will be straight lines parallel to the axis of 
entropy, and the isentropics will be straight lines parallel to 
the axis of temperature. 

In order to fix our ideas, let us represent a Carnot’s cycle by 
means of a temperature-entropy diagram. 

Let us suppose that 2,900 units of heat (measured in calories) 
are absorbed at the tempera- 
ture say 290° (absolute). 

During this process, the en- 
tropy is increased by <^2 ” 

_ ~ 10 units. Take any 

290 

point A, Fig. 15T, on the 290° 
isothermal, and mark off to the 
right of this a distance equal to 
the 10 units on the entropy 
scale. We thus obtain the line 
AB, representing the isother- 
mal expansion at the higher 
temperature. 

During the adiabatic expan- 
sion, the entropy remains con- 
stant, whilst the temperature 
falls. Hence this operation will be represented by a straight 
line parallel to the axis of temperature. 

Let the temperature of the condenser be 280°. Then the line 
BC will represent the adiabatic expansion. 

Now during the isothermal compression of the substance at 
the lower temperature, the entropy is decreased by an amount 
equal to the increase of entropy during the expansion at the 
higher temperature. This follows from the relation 


I 

$ 








A 



B 


A 










D 



C 

nl 






& 10 IS 20 at 

£iitrcypy(0) — 

Fig. 1 51.— Entropy-temperature diagram 
of a Carnot’s cycle. 



350 


HEAT FOR ADVANCED STUDENTS 


CHAP, 


Therefore CD represents the compression at the temperature 
^2 (280° absolute). 

It can easily be seen that DA represents the final adiabatic 
c<i»mpression, by which the substance is brought back to its 
initial condition A. 

Work performed during the above cycle = J(^i - ^2) “ ^1) 

= J X AD X AB = J X area of the square ABC = 100 J ergs. 

The fact that an ideal heat engine describing a simple 
cycle, has a maximum efficiency for an engine working between 
the given temperatures, may be instructively illustrated by the 
aid of a &(j> diagram. 

Heat absorbed at upper temperature ^i = Qi = ^i 

Efficiency of any ideal heat engine describing a simple cycle 

_ Qi ~ Q 2 ~~ ^2 

“ Qi ■ 

For the cycle ABCD, Fig. 15^, 



Now let us draw any other figure such as ABECDFA. 

In this case the work performed during a cycle = J x area 

ABEF. The heat absorbed at 



Fig. 13a. — 9 ^ diagram of simple cycle, 
and circle in which heat is absorbed 
at various temperatures. 


the temperature x AB 

= 2,900 calories, as before. 
But in passing along BE, the 
entropy has been increased by 
five units. Hence heat was 
being continually absorbed 
whilst the path BE was being 
traversed. 

Now the average temperature 
along the path BE = 285® 
(absolute). 

Total heat absorbed in 
passing from B to E = average 
temperature x difference of en- 
tropy between E and B = 285 
X 5 == 1,425 calories. 


In passing E to F, a quan- 
tity of heat* equal to $2 X FE = 280 x 20 = 5,600 calories, 
is i^jectpd. 
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In passing from F to A, a quantity of heat, equal to the 
average temperature along FA x difference in entropy 
between A and F = 285 x 5 = 1,425 calories, is absorbed. 

Total heat absorbed = 2,900 + 2 x 1,425 = 2,900 + 
2,850 = 5,750 calories. 

Work performed during cycle = J x (heat absorbed - heat 
rejected) = J x (5,750 - 5,600) = 150 J ergs. 

Efficiency of engine describing the cycle ABEFA 

= JL52, = -026. 

5,750 

Therefore the efficiency of a heat engine is diminished if part 
of the heat absorbed is taken in at temperatures intermediate ^ 
between those of the source and of the condenser. 

To construct a ecfi Diagram for 1 gram of 
Water and Saturated Steam. — ^When a gram of water 
is heated from 0° C. to 1° C., i calorie of heat is communicated 
to It, and the absolute temperature is changed from 273° to 274° 
The average absolute temperature during this operation is 
273*5°; therefore, it follows that, to a first approximation, the 

entropy of the gram 01 water is increased by — » whilst 

it is being heated from 0° C. to 1° C. 

For convenience, the zero of entropy is generally taken to 
correspond to water at 0° C. Hence, the entropy of i gram 

of water at 1° C. = — — *003656. 

273*5 

Neglecting the variation in the specific heat of water {see 
p. 135), it follows that when a gram of water is heated from 
10° C. to 1 1° C. (283° to 284°, on the absolute scale) the entropy 

is increased by — = *003527. 

283*5 

Proceeding in this manner we can construct a table similar to 
that given on the next page. 

(It is of course supposed that the water remains in the liquid 
condition throughout the above operations. For temperatures 
higher than 100° C., ebullition is supposed to be prevented by 
the application of a sufficiently high pressure.) 




35 * 


HEAT FOR ADVANCED STUDENTS 


CHAP. 


Approximate Increase in the Entropy of One Gram of 
Water, for a rise of Temperature of i“ C. 


Temperature 
of Water. 

Increase of Entropy 
per degree. 

Temperature 
of Water. 

Increase of Entropy 
per degree. 

o®C. 

•003656 

1 10“ C. 

•002607 

10 

•003527 

120 

*002542 

20 

•003407 

130 

*002478 

30 

•003296 

140 

•002418 

40 

•003190 

150 

•002361 

50 

•003091 

160 

•002307 

60 

•002999 

170 

*002255 

70 

'OO2912 

180 

*002205 

80 

•002829 

190 

•002157 

90 

•002751 

200 

*002112 

100 

•002677 

210 

•002068 


To find the entropy of a gram of water at any temperature (say 
50" C. ), we proceed as follows — 

Add together the numbers in the second column opposite the tem- 
peratures o®, 10®, 20®, 50®. 

Divide the number so obtained by six, in order to get the average increase 
in the entropyof i gram of water, between o®C. and 50® C. , for a rise of l®C. 

We thus find 

Average increase in entropy per degree Centigrade between o® and 
50® = *003361. 

. * . Increase in entropy for a rise in temperature of 50® = 50 x 
•003661 = *1680. 

.* . Entropy of i gram of water at 50® = *1680. 

In a similar manner, calculate the entropy of l gram of water at 
25®, 50®, 75®, 100®, 125°, 150®, 175®, 200®, and plot these values or a 
0<p diagram similar to Fig. 1 59. The curve obtained by joining these 
points is termed the water line. 

The entropy ^ of i gram of water, at an absolute temperature T, 
can also be calculated from the formula 

= 2*3ollogioT-logio273}. 

In order to obtain the steam line, it is only necessary to re- 
member that in order to convert i gram of water at any 
temperature into saturated steam at the same temperature, a 
certain amount of heat, termed the latent heat of vaporisation, 
must be communicated to the water. Let Le be the latent 
heat of steam, at a temperature /. This varies with the tem- 
perature of vaporisation \see p. 155). -Then since the tem- 
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perature is not changed by the communication of this heat, 

the increase of entropy = — ^ — . 

273 + / 

The value of Le may be calculated from Regnault’s formula 
(see p. 155), or obtained from the following table : — 

Properties of Saturated Steam. 


Temp. C. 

Latent Heat 
(U). 

Pressure in 
mm. of 
mercury. 

Speci fic 
volume in 
litres per 
gram. 

Temp. C. 

Latent Heat 
(U). 

Pressure in 
mm. of 
mercury. 

Specific 
volume in 
litres per 
gram. 

0® 

6o6‘S 

4 *60 

210*66 

100 

536*5 

760*00 

1 -6496 

S 

603-0 

6*53 

150*23 

105 

533*0 

906-41 

1-3978 

10 

599 S 

9-17 

io8*5i 

, no 

529*4 

1075-4 

1-1903 

15 

596-0 

1270 

79*35 

' II5 

525*8 

1269-4 

1*0184 

20 

592-6 

17*39 

78*72 

120 

522-3 

1491*3 

0-8752 

25 

589-1 

23*55 

43*96 

125 

518*7 

1743*9 

0*7555 

30 

585-6 

31*55 

33*27 

130 

515*1 

2030-3 

0-6548 

35 

582-1 

41-83 

25*44 

i 135 

$11-6 

2353*7 

0*5698 

40 

587 '6 

54-91 

19-64 

140 

508-0 

2717*6 

0*4977 

45 

575-1 

7J-39 

15*31 

145 

504-4 

3125-6 

0-4363 

50 

5717 

91-98 

12-049 

150 

500-8 

3581 -2 

0-3839 

55 

568-2 

117-47 

9-501 

155 

497-2 

4088-6 

0-3388 

60 

5647 

148-79 

7*653 

160 

493-5 

4651-6 

0-3001 

65 

561-1 

1 86 '94 

6-171 

165 

489-9 

5274*5 

0*2665 

70 

557-6 

233-08 

5*014 

170 

486-3 

5961-7 

0-2375 

75 

554-1 

288-50 

4-102 

175 

482-7 

6717-4 

0-2122 

80 

550-6 

354-62 

3*379 

180 

479-0 

7546-4 

0-1901 

85 

547-1 

433-00 

2-800 

^85 

475-3 

8453-2 

0*1708 

90 

543-6 

525-39 

2*334 

190 

4717 

9442-7 

0*1538 

95 

540-0 

633-69 

1*957 

; 195 

468-0 

10,520 

0-1389 





; 200 

464-3 

11,689 

0-1257 


For example, in order to vaporise i gram of water at 50°“ 
without raismg its temperature, 571 -7 calories must be commu- 
nicated to it. The absolute temperature throughout the opera* 
tion is 273 -f 50 = 323. Therefore the increase of entropy 

= 57j_7_i.77^ 

323 

Now, the entropy of i gram of water at 50° = ’168. There- 
fore the entropy of i gram of saturated steam at 50°= 177 
4- *168 = 1*938. 

In a similar manner, with the aid of the above table, calculate 
the entropy of i gram of saturated steam at 25®, 50^ 75% , . . 
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200° Plot these values on the 6 (f> diagram. The curve joining 
the points so obtained is termed the steam line. 

It will be sufficiently obvious from the above reasoning that 
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Fig. X.S 3 .— '9^ diagram for water and saturated steam. 

the entropy of 2 grams of a substance at any temperature 
will be twice as great as the entropy of ; gram of the sub- 
stance at the same temperature. 
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Further, during the vaporisation of i gram of water, all 
points on the horizontal line in Fig. 153 passing through the 
temperature at which the vaporisation occurs, will be succes- 
sively attained. Thus when half the water is vaporised, a point 
midway between the water and steam lines will be reached. 
Generally, if the distance between the water and steam lines at 
any temperature is d, and if the entropy of i gram of 
a mixture of water and saturated steam at the same temperature, 
is represented by a point at a distance x from the steam line, 


then ^ grams of the water wih be in the liquid condition, 
and — ^ grams will have been converted into saturated 


steam. 


Problem . — Show that if i gram of saturated steam at a temperature 
200“ C. is allowed to expand adiabatically, performing external work 
till its temperature falls to 100® C., then part of the steam will be con- 
densed. Also, find the mass of water thus formed. (Compare with 
Hirn’s experiment, p, 325.) 

An adiabatic, as already explained, is represented by a vertical 
straight line on the 0 <p diagram. The point A (Fig. 153) corresponds 
to I gram of saturated steam at 200®. Draw the line AB parallel to 
the axis of temperatures. Then AB is an adiabatic or isentropic line. 
The point B on this line, corresponding to a temperature of 100® C., is 
seen to be situated between the steam and water lines, and therefore, as 
already explained, corresponds to a mixture of water and saturated 
steam. 

Also, horizontal distance from B to steam line = x = *22 entropy 
scale divisions. 

Horizontal distance between water line and steam line at lOO® = d ss’ „ 
I *44 entropy scale divisions. 


Steam condensed = — ^ = *15 grams. 
1*44 


If the above problem had been given in terms of saturated 
steam at certain pressures, the corresponding temperatures 
could have been obtained from the table on p. 353, and the 
above procedure followed. 

Dissipation and Degradation of Energy.— The first 
law of thermodynamics is a particular application of the more 
general law of the Conservation of Energy. According 
to this latter law, the total amount of energy in the* universe 
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remains constant, whatever changes may take place in its dis- 
tribution. The first law of thermodynamics simply states that 
if mechanical energy is transformed into heat, the mechani- 
cal energy used up is equivalent to the heat produced. Or, 
in the converse case, where heat is used up in performing 
work, the heat which disappears is equivalent to the work 
performed. 

On the other hand, the second law of thermodynamics states 
that work can only be performed by a heat engine when heat 
passes from a body at a high, to another at a lower temperature. 

Hence the conv^ersion of heat into mechanical work must 
always tend to lower the temperature of the source, and raise 
the temperature of the condenser of an engine. 

If the universe were at a constant temperature throughout, 
its heat could not by any known process be converted into 
work. For this latter purpose, we must have a source of heat 
at a high temperature and a condenser at a lower temperature. 

Now all the activities at work throughout the universe tend 
to the final equalisation of temperature. Hence these activities 
tend to bring about a state of things in which further conversion 
of heat into work will be impossible. 

The result of this is, that though the amount of energy in the 
universe cannot increase or decrease, that proportion of this 
energy which can be used for mechanical purposes is continually 
decreasing. 

This may also be seen if we consider the case of two 
large reservoirs of w^ater at different levels. Water may be 
allowed to flow from the reservoir at the higher to that at the 
lower level, and work may be performed if we constrain this 
water to drive turbines or mill-wheels. But the difference in 
level of the surfaces of the water in the two reservoirs will con- 
tinually diminish, so that a state will finally be reached in which 
no further work can be obtained from the system. 

Intrinsic Energy. — Let us suppose the condition of a 
substance is represented by the point A, Fig. 154. If this sub- 
stance were enclosed in a vessel the walls of which are perfect 
non-conductors of heat, and if the volume of the vessel could be 
indefinitely increased, then by suitably varying the external 
pressure, the substance could be permitted to expand adiabati- 
cally along the curve ABC, till the absolute zero isothermal was 
reached.* The external work performed in the expansion would 
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be equal to the area bounded by the line AD, together with the 
curve ABC and the line DE, produced till they meet. 

But at the absolute zero, the substance would possess no heaty 
and therefore no energy. All of the energy possessed by the 
substance at A would 
have been converted 
into work during the 
expansion. Therefore 
the area bound by AD } 
together with the curve g 
ABC and the line DE | 
produced till they ti; 
meet, represents the 
work which could be 
performed by the sub- 
stance without lecciv- 154.— Graphic representation of the intrinsic 

ing energy from with- energy of a substance. 

out. Hence the area 

ABC .... EDA is said to be equal to the intrinsic energy of 
the substance. In the case of a perfect gas, it may be shown 
that the intrinsic energy is independent of the pressure of the gas. 

Summary to Chapter XVI. 

Cyclical Operations. — When, after any changes have been pro- 
duced in a substance, that substance is brought back to its initial 
condition, a cycle of operations is said to have been performed. 

Reversible Cycles. — If a substance can be caused to traverse a 
cycle in opposite directions, and the thermal actions at all points are 
reversed when the direction of traversing the cycle is reversed, the cycle 
is said to be reversible. In a reversible cycle, if heat is generatetl in 
traversing one part of the cycle in one direction, an equal quantity of 
heat must be absorbed in traversing that part of the cycle in a reverse 
diri-ction. 

Friction renders a cycle irreversible, since heat is produced by 
friction in whichever direction the cycle is traversed. 

A simple cycle consists of two isothermal and two adiabatic 
transformations. When heat is absorbed at the higher temperature, and 
rejected at the lower temperature, the cycle is traversed in the direction 
in which the hands of a clock revolve, and a net amount of external 
work, equal to the area of the cycle (if pressures and volumes are 
measured in dynes and c.cs. respectively) is performed. This is swd 
to be a direct cycle. • 
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In a reversed cycle heat is absorbed at the lower, and given out 
at the higher temperature. The cycle is then traversed in a direction 
opposite to that in which the hands of a clock revolve, and an amount of 
work equal to the area of the cycle must be performed by external agency. 

In both direct and reversed cycles the work performed is equal 
to the difference between the heat absorbed and that given out. This 
follows from the first law of thermodynamics. 

The Second Law of Thermodynamics . — It is impossible for 
a self-acting machine ^ unaided by any external agency^ to convey heat 
a body at a low to one at a higher temperature ; or heat cannot o) 
itself without the perfor^nance of work by some external agency) pass 

pom a cold to a warmer body I' — Clausius. 

It is impossible by means of inanimate material agency to derive 
mechanical effect from any portion of matter by cooling it below the 
temperature of the coldest of surrounding objects ''^ — (Lord Kelvin.) 

InClausius’s form of the second law, attention is directed to the con- 
ditions necessary for the transference of heat from one body to another. 

In Lord Kelvin’s form of the second law, attention is directed 
to the conditions necessary for the transformation of heat into work. 
Both forms of the second law are, however, equivalent. 

It must be parti tilarly remembered that the second law of thermo- 
dynamics applies only to cyclical operations. 

The efficiency of a heat engine is equal to the proportion of the total 
heat absorbed at the higher temperature, which is converted into external 
work whilst a direct cycle is being traversed. 

Carnot’s Theorem — All reversible heat engines possess the same 
efficiency when absorbing and rejecting heat at the same two 
temperatures. 

Lord Kelvin’s Absolute Scale of Temperature. — Two iso- 
thermals corresponding to arbitrary but definite temperatures having 
been obtained, two adiabatics are drawn, so that a portion of the p.v, 
diagram is completely inclosed. The inclosed area is divided into a 
convenient numl>er of equal elements of area by means of isothermal 
lines. 

Temperatures corresponding to these isothermals are then 
numbered consecutively. 

The efficiency of a reversible heat engine absorbing a quantity 
of heat at a temperature 0 ^ and rejecting a quantity Qj of heat 
at a temperature $2, is expressed by the relation 

Qi “ Qj _ "" ^2 — T 2 

Qi h T, ' 

where T^ and T^ denote the temperatures, measured on the perfect gas 
thermoineter, which correspond to and $2 on Lord Kelvin’s scale. 
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Entropy. — In passing along an isothermal from one adiabatic to 
another, a certain amount of heat is absorbed or rejected. If the value 
of this quantity of heat is divided by the absolute temperature corre- 
sponding to the isothermal traversed, the result will be the same what- 
ever isothermal is chosen, and is termed change of entropy. This gives 
us a convenient method of distinguishing between different adiabatios, 
just as different isothermals are distinguished by their temperatures. 

Questions on Chapter XVI. 

(1) A cylinder of compressed air bursts. The gas is cooled below 
the coldest 01 surrounding objects, and external work is done. How do 
you reconcile these facts with the axiom on which the second law of 
thermodynamics is based ? 

(2) Write a short essay on the validity of the second law of thermo- 
dynamics. 

(3) Show that the greatest possible efficiency would be attained by a 

steam engine, if its working substance could be made to pass through a 
completely reversible cycle and heat was absoibed only at one tern- 
peratufe, and rejected only at one other temperature. .. 

(4) Give an account of the doctrine of the dissipation of energy. 

(5) Assuming that no thermal engine can be more efficient than one 
which works between the same temperatures in a simple reversible 
cycle, explain the construction of the scale of absolute temperatures. 

(6) Assuming that all reversible engines going round a Carnot’s cycle 
between two given temperatures are equally efficient, show how a work 
scale of temperature may be devised which is independent of any par- 
ticular material used, and show, by taking a gas round a small cycle, 
that the gas scale nearly agrees with the work scale. 

(7) What do you understand exactly by the efficiency of^a steam 
engine ? What is the theoretical efficiency of a steam engine whose 
boiler is at 1 50" C. and its condenser at 40® ? 

(8) A heat engine works between the temperatures 127® and 52® C. 
It is found that only one-third of the largest amount of heat that could 
possibly be utilised is actually converted into useful work. What 
fraction of the total amount of heat supplied is usefully employed ? 

(9) Enunciate the axiom on which the second law of thermodynamics 
rests, and show how to deduce from it a proof of the fact that the 
efficiency of a simple reversible cycle is a maximum. 




CHAPTER XVII 


APPLICATIONS OF CARNOT’S THEOREM, AND SOME 
THERMODYNAMIC THEOREMS. 

External and Internal Latent Heats.— As a general 
rule, a considerable change of volume occurs whilst a substance 
is changing its state. This is very noticeable in the case of the 

conversion of water into 
steam at the same tempera- 
ture. Thus at atmospheric 
pressure, one volume of 
water at loo® C. is con- 
verted into 1,674 volumes 
of saturated steam at the 
same temperature. During 
such a process external 
work is performed, and the 
total heat absorbed (/>,, 
the latent heat of the sub- 
stan^ e) is equal to the sum 
of f e increase in the in- 
trinsic energy of the sub- 
stance (sometimes called the “true latent heat ”), and the external 
work performed. This latter quantity is called the “external 
latent heat.” 

Let ABCD represent the lOo'* C. isothermal for one gram of water 
and steam. Let us suppose that the water is inclosed in a cylinder 
provided with conducting walls. At the point B it entirely fills this 
cylinder. Along the line BC the pressure remains constant, but 
as the water is converted into steam the volume increases from OB 
to OC^ Hence the piston is forced outwards against the atmospheric 



Fig. X53.— Work performed during vaporisa- 
tion of water. 
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pressure, and an amount of external work equal to the area BCC^B' is 
performed. 

The latent heat of steam at 100® C. = 537 calories per gram. 

Work performed during expansion from 1 c.c. to 1,674 c.cs. = W 
= atmospheric pressure (in dynes) x increase of volume (in c.cs.) 

— 76-0 X 13-6 X 981 X 1,674 = 1*69 X lo® ergs. 

W 

Heat used up in performing external work =*= -j 

1-69 X 10® , , 

= — y = 40*4 calories. 

4-2 X 10’ 

External latent heat of water boiling under atmospheric pressure 
= 40*4 calories per gram. 


Internal latent heat of water at 100® = 537 — 40 4 = 496-6 calories 


per gram. 

Similar reasoning will apply to the passage from the solid to the 


liquid state, though here, in 
the case of water, a contrac- 
tion occurs, so that the ex- 
ternal latent heat is negative. 
The volume change associ- 
ated with the passage from 
the solid to the liquid state 
is generally small in compari- 
son with that which occurs 
during the conversion of a 
liquid into vapour. 

To Calculate the 
Depression of the 
Boiling Point pro- 
duced by a given 
Diminution of Pres- 
sure. — Let us suppose 
tbnt any quantity of the 
specified substance is en- 
closed in the cylinder of 
an ideal heat engine, such 
as that described on p. 



Fig. 156. — Cycle performed to determine the 
elevation of the boiling point of a liquid by 
an increase of pressure, 


327. LetABCD, EFGH 

(Fig. 156), be the isothermals of this substance for temperatures 
T and T-//T, where dT is small. Along the lines BC and FG 
the substance exists partly in the state of liquid and^partly in 
the state of vapour. Hence T is the boiling point of*the sub- 
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Stance, under the pressure p corresponding to the vertical 
height of the line BC above the axis of volume OV. Similarly 
T-d?T is the boiling point under a pressure p-dp^ where dp 
is the vertical distance between the lines BC and FG. 

Let us start with the substance at the temperature T, and in 
the condition represented by the point jB, and perform the 
following operations : — 

1. Place the cylinder on the non-conducting stand, and allow 
its contents to expand adiabatically till the temperature falls to 
T — ^fT. The point y is thus reached. 

2. Place the cylinder on a conducting stand maintained at 
the constant temperature T -/fT, and compress the substance 
isothermally till any point 5 , not far removed from y on the line 
FG, is reached. Let Qj be the heat given up during this process. 

3. Place the cylinder on the non-conducting stand, and com- 
press the substance adiabatically till its temperature rises to T. 
The condition now attained corresponds to the point a. 

4. Place the cylinder on a conducting stand maintained at 
the constant temperature T, and allow the substance to expand 
isothermally, till its original condition is reached. Let Qi be 
the heat absorbed during this process. 

We have thus performed a cycle of operations. This cycle is 
reversible, since it is obvious that it could have been traversed in 
the sense /3a$y^, subject to the conditions prescribed on p. 335. 

In the direct cycle, we have the following relations : — 

External work performed during the cycle = area a) 9 yS 
(P- 333 )- 

Heat converted into work = Qi — Q2 = 

A reayi^yS (p'irst law of Thermodynamics.) 

Efficiency of the heat engine, working between temperatures 
TandT-^fT = 

Area ajSyfi 

Q1ZQ2 _ J ^ T~(T-^T) _ dT . . 

Q, “ T - t ;• 

It is not necessary to know the exact form of the adiabatic curves jSy 
and a8. For if a and jS are close together, we may safely assume that 
a8 will be approximately parallel to iSy. Also, a$ is parallel to 8y. 
Therefore, the area of the parallelogram aPyd ~ ajS x vertical distance 
between ajS and fiy « aj 3 x dp. 
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But a$ is equal to the increase in volume between the points a and 0. 
The value of this increase in volume may be best obtained from con* 
sidering the mass of liquid which has been vaporised. 

Let PI be the ma§s of liquid vaporised between a and 0. 

Let be the specific volume {t.e., the volume occupied by z 
gram) of the liquid, at a temperature T. 

Let V2 be the specific volume of the saturated vapour at a tempera- 
ture T (p. 252). 

Then a mass pi of the substance would occupy a volume mv-^ in the 
liquid state and mv^ in the state of vapour. 

Therefore, since a volume niv^ of liquid has been replaced by a volume 
P/V2 of saturated vapour, the increase in volume ( = a0) = pi 

Therefore, 

area a0yl = m x dp. 

The only other quantity which must be determined is Qj, the heat 
absorbed in passing from a to 0 . 

In this case, since part of the substance changes state between a and 
0 f heat will be absorbed ( i ) in altering the state of part of the substance; 
and (2) in performing external work. 

If L = the heat required to vaporise i gram of the substance at 
the temperature T, we have 

Qi = wL. 

Substituting in ( i ) the values thus found, we get 
pt (v2-‘V^) dp ^ {V 2 - v-i) dp _ dT 
^TlJ ■“ LJ ” T 

. ^ - T 

LJ “' 

In the above, dT is the depression of the boiling point produced by a 
diminution of pressure equal to dp, and this is the quantity we wished 
to determine. 

This is the highly important latent heat equation, usually known as 
the Clausius-Clapeyron equation. Later in this chapter we shall con- 
sider a different derivation of the equation, and some of its applications. 

We now proceed to deduce and consider certain important 
thermodynamic theorems. 

From the first law of thermodynamics 
= efU 4- pdv 

and from the second law 

dQ = Tdcf, 

d\J = Td(l> — pdv . . . (i) 

also d{pv) = pdv + vdp. ^ ^ 
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/. d(^ + pv) = Td^ + vdp (2) 

Similarly ^(T^) = + <j>dT .... (3) 

combining (i) and (3) d(U — T<f>) = — 0^T — pdv . (4) 

and from (2) and (3) <^(U + pdv — T<^) = vdp — <f)dT (5) 

Now in equation (i) let us take the volume and entropy 
as independent variables 

(§).-■' “* 

The first of these expresses that the absolute temperature 
measures the increase of internal energy per unit change of 
entropy at constant volume, or that the change of internal 
energy at constant volume is equivalent to the heat received ; 
the second relation expresses that the pressure measures the 
decrease of internal energy per unit increase of volume 
during adiabatic expansion. 

Differentiating the first of these with respect to v, and the 
second with respect to (f>, we have 



In a similar manner we can deal with equations (2), (4), (5). 
From (2), taking p and <f> as independent variables and 
putting U + = F. 


dF = Td^ + vdp. 



From (4), putting U — = F' and taking T and v as 

independent variables 

dF' = — — pdv. 
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This expresses that the increase of entropy per unit increase 
of volume at constant temperature is equal to the increase of 
pressure per unit increase of temperature at constant volume. 

Finally from (5), putting (U — + pv) = F". 

d¥" = vdp - <f>dT 



This expresses that the decrease of entropy per unit increase 
of pressure at constant temperature is equal to the increase of 
■ volume per unit increase of temperature at constant pressure. 
The four equations A, B, C, D are known as Maxwells four 
thermodynamic relations, and are of great use in the 
application of thermodynamics to various practical and 
theoretical problems. 

Let us apply the second relation (equation C) to the equili- 
brium between different states of a substance. 

Multiplying both sides by T 



This shows that the latent heat of isothermal expansion is 
equal to the product of the absolute temperature and the rate 
of increase of pressure with temperature at constant volume. 

Let a substance change its state (solid y liquid, or 

liquid >- gas) at temperature T, and let L be the latent heat 

absorbed in the process; also let be the volume of the 
substance before absorbing latent heat and the volume after 
absorbing latent heat. 

L dp 

Then from equation (7) = T-- 

1^2 Ci Im 

dp L 

df f(vj - v^) 

The Clausius-Clapeyron equation. We shall now con- 
sider some of its applications. To calculate the depression of 
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boiling point produced by a given diminution of pressure 
{e.g, I mm. of mercury) 

^ dpif)^ - t;i)T 
^ 

Application to the case of water. 

Here dp =■— i mm. of mercury = — o-i x 13*6 X 981 dynes, 
r, = volume of i gm. of steam at 100® C, = 1674 c.cs, 

Vi = „ „ water „ = 1-04 c.cs. 

v* — = 1673 c.cs. (with sufficient accuracy). 

T = 273 + 100 = 373. 

L = 537 X 4-2 X 10’ ergs. 

• ifr = — X 981 X 373 X 1673 

• * * 537 X 4*2 X io» 

== — 0'036° C. 

In almost exact agreement with the experimental value 
0-037° C- 

Similarly we can calculate dpjd^, i.e. the increase of vapour 
pressure of water with temperature, and this is found to be 
27-09 mm. of mercury per degree at 100° C. ; or again, 
assuming the above value for tfT we could calculate the 
volume of i gm. of steam at 100° C. 

To calculate the alteration in the melting point 
produced by a given increase of pressure. 

^ T:(v^ — v^) 
dp L 

In the case of substances such as paraffin wax which expand 
in melting, and if dp is positive will be positive, 

i,e. an increase of pressure will cause an elevation of melting 
point ; if dp is negative dT will be negative, i.e. a decrease of 
pressure will cause a decrease of melting point. On the other 
hand, for substances such as ice which contract on melting, 
Vg < therefore Vg — ^1 will be negative, and thus an increase 
of pressure will cause a lowering of the melting point, while 
if dp is negative, will be positive, i.e. a diminution of 
pressure will cause an elevation of melting point. All this is 
in accordance with the results arrived at in Chapter VIII.’ 

Application to the case of Paraffin Wax. — In the case of 
paraffin wax, a substance which expands on melting, we have the 
following data : — 
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L =a latent heat of fusion — 35*35 calories per gram. 

V, — Vj increase in volume of i gram on fusion = 0*125 c-cs. 
Melting point = 52*7° C. 

T = 273 + 52*7 = 325*7. 

Take dp = the pressure (in^dynes) corresponding to i atmosphere. 
dp s* 76 0 X 13*6 X 981 = i-oi X 10* dynes. 


dT=: 


325*7 X *125 X 1*01 X IQ* 
35-35 X 4*27 X io» 


= *027® C. 


Hence, according to this calculation, the melting point of 
paraffin wax will be raised by *02 7® C.. due to an increase of 
pressure amounting to i atmosphere. 

The corresponding value found by experiment is 0*03® C. 

Application to the case of ice. 

At 0° C. (Ta = 273) I gram of water occupies a volume of i*oooii6 
c.cs. = I c.c. roughly. 

.*. Vg = I c.c. 

At 0° C., I gram of ice occupies a volume of 1*087 c.cs. 

Ui = 1-087 c.cs. 

= — 0*087. 

L = 80 calorics per gram. 

If we take dp ^ 1 atmosphere = i*oi x 10® dynes 


dT = 


273 X *087 X 1*01 X 10® 


80 X 4*27 X 10’ 


0*0070® C. 


Thus the freezing point of water will be lowered by 0*0070° C. 
for each additional atmosphere of pressure applied to it. 

Dewar found that the freezing point of water was depressed 
by *0072® C. per atmosphere increase of pressure up to 700 
atmospheres. 

In Chapter XV we showed that the ratio of the adiabatic to 
the isothermal elasticity was equal to the ratio of the two 
specific heats. We shall now show this with the help of 
Maxwell's thermodynamic relations. 


By definition 


-‘--■S' 


k 


and Et ■ 


v(^\ 

\dv /T 
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0x1 substituting from MaxweU*s relations =: 



• E« \8T/p \8T/p C, 

\dTh \mh 


Problem , — A 2o horse-power non-condensing engine is supplied with 
steam at a temperature 150° C., and requires 120 lbs. of coal per hour; 
a 10 horse-power engine is supplied with steam at a temperature of 
140® C., and requires 61 lbs. of coal per hour. Taldng into considera- 
tion the greatest attainable efficiency of each engine, determine which is 
the most nearly perfect. {B.Sc. {Lond.) Hons., 1889.) 


Actual efficiency 


Heat equivalent of work performed 
Total heat supplied 


(I) 


T — T 

Maximum efficiency = — 

In the 20 horse-power engine, Tj = 273 + 150 = 423 
Ta = 273 + 100 = 373- 

(The temperature of the exhaust steam is 100® C., since the engine is 
non-condensing, and thus steam is discharged at atmospheric pressure.) 


Maximum efficiency of the 20 horse-power engine = 


4^3 - 373 

423 


50 

423 


•118, 


Similarly, maximum efficiency of the 10 horse-power engine = 

(I4o_+ a73)-(io°+_^y3) ^ i£ _ . 

140 -f 273 413 


Let the quantity of heat supplied at the higher temperature =* K X 
number of pounds of coal consumed, where K is a constant. 

The 20 horse-power engine performs 20 x 33,000 ft.-lbs. of work 
per minute — 20 x 60 x 33,000 ft.-lbs. of work per hour. 

The 10 horse-power engine performs 10 x 60 x 33,000 ft.-lb^, of 
work per hour. 

Let J = the niuuber of foot-pounds corresponding to one unit of 
heat. 
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Then actual efficiency of the 20 horse-power engine 
_ 20 X 60 X 33,000 -r J 330,000 
K X 120 “ j k ' 

Actual efficiency of the 10 horse-power engine 

_ 10 X 60 X 33,000 -f- J 325,000 

K x”6i Jk 

. * . in the case of the 20 horse-power engine 

330,000 

Actual efficiency _ JK _ 2,800,000 

Maximum efficiency ~ *118 ~ JK 

In the case of the 10 horse- power engine 

325»oQo 

Actual efficiency _ JK _ 3, ^^0,000 

Maximum efficiency *097 JK 

Therefore the 10 horse-power engine is more nearly perfect than the 
20 horse-power engine. 

Problem. — What is the efficiency of a locomotive engine which 
requires 1,200 lbs. of coal per hour, when drawing a train against fric- 
tional forces, equivalent to the weight of tons, at the rate of 40 miles 
per hour ? 

If the engine is non-condensing, what must be the temperature of the 
steam in the boiler, supposing the construction of the engine to be 
perfect. 

Given . — The combustion of i lb. 01 coal generates sufficient heat to 
raise the temperature of 15,580 lbs. of water through F. The ex- 
penditure of 780 ft. -lbs. of work will raise the temperature of i lb. of 
water through i® F. J = 780. 

Using the pound, foot, and Fahrenheit degree as units, we have 
Work performed while the engine traverses i mile = Force (in 
pounds) equivalent to tons x distance (in feet) equal to l mile 

= ^ X 2,240 X 1,760 X 3 = 1*77 x 10^ ft. -lbs. 

. . I , , 1,200 „ 

The engine traverses i mile in — hour, and consumes = 30 lbs. 

^ 40 40 

of coal in that interval. 

Quantity of heat generated = 15,580 x 30 = 467,400 pound-Fahren- 
heit-degree units. 

177 X io 7 

Heat equivalent to the work performed _ 780 

Heat supplied by combustion of coal ”467,400 
= *046, ue.t 4*6 ^r cent. * 
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Since the engine is non -condensing, Tg = 273 -f 100 = 373. Let 
Tj be the absolute temperature of the steam in the boiler. 

Then 

- 373 , 


: 0*046. 

I “ ^ = 0 046 ^ = I - 0 046 = 0*954. 


Ti 

37: 

Ti 


... = - 5 ^ = 391". 

1 *954 


Temperature of steam in boiler = 391* ~ 273 = ii8®C. 

For method of determining the absolute zero )j temperature from 
the porous plug experiment y see Appendix ^ p. 481. 


Summary to Chapter XVII. 


External Latent Heat. — During a change of state, external work 
must be performed if a change of volume occurs. The heat equivalent 
of this work is called the external latent heat of the substance. 

By taking a mixture of water and steam round a Carnot’s Cycle an 
expression can be obtained for the elevation of the boiling point, when 
the pressure is increased. 

The Efficiency of a Steam Engine cannot possibly exceed the 
theoretical efficiency of an ideal heat engine traversing a Carnot’s Cycle, 
and absorbing heat at the temperature of the boiler, and rejecting heat 
at the temperature of the condenser. 

Actual Steam Engines always fall short of this theoretical efficiency 
either on account of irreversible thermal effects, or because heat is not 
wholly absorbed at one temperature, and rejected at another temperature. 

Questions on Chapter XVII. 

(1) Describe what effect is produced by pressure in changing the tem- 
perature of the freezing point of water, and state how this change is 
explained on the principles of conservation of energy. 

(2) Discuss the method of calculating the relation between the melt- 
ing point of ice and the pressure. 

(3) The latent heat of steam at 100® C. is 536. If a kilogram of 
water, when converted into saturated steam at atmospheric pressure, 
occupies 1*651 cubic metres, calculate the amount of heat spent in 
internal work during the conversion of water at 100® C. into steam at 
the same temperature. 

(4) Describe and give a general explanation of the thermal effects of 
compressing suddenly (i) a gas, (2) water at a temperature between o® 
and 4® C. 
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INTERNAL WORK, AND THE COOLING OF GASES ON FREE 
EXPANSION 

Joule’s Experiment. —In Chap. XIII., when considering 
the results which might be anticipated from the Kinetic 
Theory of gases, the question arose, is internal work per- 
formed during the separation of the molecules which occurs 
during the expansion of a gas ? An experiment of Joule’s was 
then described; in this, a quantity of gas contained in a 
vessel under high pressure, was allowed to expand into another 
vessel which had been exhausted. Both vessels were, in the 
first experiment, surrounded by water contained in the same 
calorimeter. 

In this experiment, no external work was performed by 
the gas during expansion. The gas expanding in one vessel 
compresses the gas contained in the other vessel. Thus, 
a cooling effect might be anticipated in the first vessel, and 
a heating effect in the second one. At the end of the 
experiment the gas occupied a greater volume than at first ; 
and if, after stirring the water in the calorimeter, its final 
temperature is found to be unchanged, we must conclude that 
no appreciable amount of work has been performed during the 
separation of the molecules ; or, in other words, that the average 
attraction or repulsion exerted by one molecule on another is 
very small. 

Joule’s experiment led to the result just stated. It must, 
however, be remembered that if a small heating or cooling, say 
through a fraction of a degree, does really occur when a gas 
expands without doing external work, the quantity of heat 
given out (or absorbed) will be so small that little^ change 
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will be produced in surrounding bodies. Hence, Joule's 
experiment must only be taken as proving that no heating or 
cooling effect of any considerable magnitude occurs during the 
free expansion of the ordinary gases. 

The weak point in Joule’s experiment was unquestionably the 
use of water to indicate, by its change of temperature, whether 
heat disappeared or was generated in the expanding gas. The 
specific heat of air at constant volume, according to Joly, is 
equal to *1721 calories per gram. Now a gram of air, at 
0“ C. and under atmospheric pressure, will occupy a volume of 
773*4 c.cs. The heat required to raise the temperature of this 
volume of air through 1° C., if abstracted from 1000 grams of 
water, would only cool the latter through 0*00017° C. Thus, 
though Joule’s thermometer was capable of indicating a differ- 
ence of temperature of ^ F. C.) it is obvious that no 

heating or cooling effect, unless of a considerable magnitude, 
could possibly have been detected by the method he employed. 

Investigation of Joule and Lord Kelvin.— Thermo- 
dynamical considerations lead to the conclusion that whereas 
there should be no heating or cooling of a perfect gas on free 
expansion, gases which do not obey Boyle’s Law should exhibit 
a small thermal change under the same conditions. Lord 
Kelvin and Joule therefore determined to investigate the 
phenomena attending the free expansion of gases, using a 
method in which the temperature of the gases could be directly 
measured. 

Before describing the actual experiment performed by Joule 
and Lord Kelvin, we will consider an ideal arrangement 
illustrating the character of the process employed. 

Let us suppose that we are provided with a long cylinder CD, 
fitted with two air-tight and frictionless pistons, A and B, and 
possessing a diaphragm E pierced by a small aperture. 



Fig. 157.— Gas forced through narrow orifice under pressure. 


Let US suppose that the piston B is initially pressed close up to the 
diaphragm E, whilst a certain quantity (say i gram) of compressed 
gas, at a pressure /i, is introduced into the part of the cylinder between 
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A and E. We must further assume that the walls of the cylinder are 
perfect non-conductors of heat. Thus, if T is the initial temperature of 
the gas, any departure from this value can be produced only by the 
performance of work on or by the air, and not by the direct trans- 
ference of heat. 

Now let the motion of the piston B be opposed by a uniform 
force Fg. 

Let a be the area of either piston. Then the piston B will move 
outward uniformly when the pressure of the gas between E and B has 
attained such a value 

p^a = F2. 

Also let the force, tending from the first to force the piston A in- 
wards, be denoted by Fi- Then, as the gas passes through the orifice 
in E, so as to press the piston B forwards, the piston A will move 
inwards towards E at such a rate that the pressure of the air between 
A and E remains constant. Then 

p^a = Fp 

Let us suppose that the gas initially contained in AE occupied a 
volume Vy Also let Xi denote the distance between the piston A and 
the diaphragm E at the commencement of the experiment. Then 

axi = T/j. 

When the piston A has moved up to the diaphragm E, the whole 
of the air will have been forced from the compartment AE into the 
compartment EB of the cylinder. Let be the volume occupied 
by the air in EB, and let x^ be the distance through which the piston B 
has meanwhile moved, from its initial position immediately against the 
diaphragm E. Then 

No heat can enter or leave the cylinder, so that any change in 
the energy of the contained gas must be due to the performance of work 
on or by it. 

Let Ej be the internal energy possessed by the gas when in AE, and 
let E2 be the internal energy possessed by it in EB. 

The work performed by external agency on the gas is equal to the 
product of the force Fj into the distance x^ through which it has 
acted. 

. ■ . Work performed on the gas 

= Fi X .ajj =pxax^ = A^i- 

The work performed by the gas is equal to the product of the force 
resisting the motion of the piston B (*.^., F^) into the distance 
through which that force has been overcome. ^ 

N 
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Work performed by the gas 

= F, X », = p^x, =. p,v,. 

The difference, U. — U, between the final and initial energies of the 
gas, must be equal to the difference between the work performed on 
the gas, and that performed by it. 

/>1»1 - />.»t = u, - u,. 

u, + piVt = U, + p,v,. 

Hence V + pv remains constant during the process, whether the gas 
is perfect or not. 

Now, the internal energy possessed by the molecules of the gas may be 
partly kinetic and partly potential. The kinetic energy we have learnt 
to associate with heat ; the potential energy will depend on the relative 
mean positions of the molecules, supposing that attractive or repulsive 
forces are exerted between them. 

We can now consider the following cases : — 

I. PjPi = p^V2 (i.e, the gas obeys Boyle’s Law). 

For the case of a perfect gas, Boyle's law and Joule's law 
are obeyed, hence V + pv v/ould depend on the temperature 
only, and V pv has been shown to be constant in any case, 
hence we should expect, on these theoretical grounds, that 
the temperature on both sides of the plug would remain the 
same. 

II. < P2V2’ In this case the product of the pressure and 
volume of the gas decreases as the pressure is increased. This 
condition generally holds during the initial stages of the com- 
pression of a gas. Hydrogen is, however, an exception (see 
p. 204). 

Since 

PiVi - P%V2 = U, - Ui 
Uj — Uj = some negative value = — 5 (say) 

U, = Uj - 5 

that is, the energy possessed by the gas is less in the final than 
in the initial condition. 

Therefore, if no forces are exerted between neighbouring 
molecules, a slight cooling effect will be produced. 

If molecular attractions are exerted, a still greater cooling 
will result. 
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If molecular repulsions are exerted, the cooling due to the 
divergence from Boyle’s Law may be partially or entirely com- 
pensated for, or a heating effect may be produced. 

III. piVi >/2^2* this case the product of the pressure 
and volume of the gas increases as the pressure is increased. 
Regnault and Amagat found this to be the case with hydrogen, 
and Amagat showed that it is also the case with most gases, 
when subjected to very high pressures. 

Since = Ug — Ui 

Uj — Ui = some positive value = + 5 (say) 

Ua = U, + L 

A heating effect will be produced if no molecular forces are 
exerted. This heating effect will be enhanced if molecular re- 
pulsions exist. If molecular attractions exist, a smaller heating 
effect or even a cooling effect, may be produced. 

Modifications of the above Ideal Arrangement. — 
Returning \o Fig 164, it may easily be understood that in the 
neighbourhood of the orifice in E the gas will form eddies. 
But any motion of finite portions of the gas will entail a 
diminution in the energy of molecular motion. Thus, near the 
orifice in F the gas will be colder than at points further re- 
moved, where the gas has been brought to rest by internal 
friction. Consequently, in performing an experiment such as 
that just described, care must be taken that the temperature of 
the gas is measured at a point where eddies have ceased to exist. 

Further, the piston B may be dispensed with. It serves to 
divide the gas from the surrounding atmosphere ; but if it is 
removed, the atmosphere will be forced back in an essentially 
similar manner ; the pressure p2 then be equal to the 
atmospheric pressure. 

Care must be taken that the jet of air issuing from the orifice 
in E does not produce any sound, as this would involve a loss 
of energy. 

Instead of forcing the piston A along the cylinder, the end C 
of the latter may be connected to a pump, provided the action 
of the latter is such that the pressure of the gas, at all points to 
the left of the diaphragm E, is maintained constant. The 
essential point in the arrangement is that no change shall take 
place in the compressed gas till it passes through the orifice in E. 
Thus, the gas between E and the pump must be maintained at a 
constant temperature and pressure, and must serve to transmit 
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the pressure, exerted by the pump, to the gas issuing through 
the orifice in E. 

The Porous Plug Experiment.— We are now in a 
position to appreciate the experimental arrangement used in 
1852 by Joule and Lord Kelvin. 

To avoid the production of eddy currents in the gas, a plug 
of cotton- wool A, Fig. 158, was substituted for the pierced 

diaphragm E, Fig. 157. 
By this means a large 
number of very small 
orifices was obtained, in 
place of the single ori- 
fice previously considered. 
The cotton-wool was held 
in position by two metal 
discs pierced with many 
holes ; these discs are 
indicated by dotted lines 
in the figure. To avoid 
loss or gain of heat in the 
neighbourhood of the 
plug, the latter was en. 
closed in a hollow box- 
wood cylinder BC, which 
in its turn was surrounded 
by cotton- wool packed in 
a metal vessel D. The 
gas was conveyed to the 
plug by means of a metal 
tube E which formed the 
end of a long spiral tube, immersed in a water bath. A delicate 
thermometer was placed so that its bulb was immediately above 
the plug, and in order that the thermometer might be read, a 
glass tube F was used to convey the gas away. 

The whole of the experimental arrangement is represented 
diagrammatically in Fig. 159. The gas was compressed by a 
pump P, and then caused to traverse two long copper spirals 
immersed in water baths. These baths were kept well stirred, 
and their temperatures were maintained constant throughout 
the experiment. During the time that the gas was being com- 
pressed in P, heat was produced, and the object of the baths 



Fic. 158 — Joule and Kelvin's porous plug 
experiment. 
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was to keep the temperature of the gas as constant as possible. 
The part of the apparatus containing the cotton-wool plug is 
represented at A, Fig. 159. 

Result of Joule and Kelvin’s Experiment.— It was 
found that air, oxygen, nitrogen, and carbon dioxide were all 
cooled by expansion ; /.£?., after passing through the cotton-wool 
plug all of these gases were at lower temperatures than pre- 
viously. The cooling 
was most noticeable 
in the case of carbon 
dioxide, the least A 
perfect of the above 
gases. In the case of 
hydrogen, a small 
heating effect was 
observed. 






Fig. 159,— Joule and Kelvin’s porous plug experiment 


In all cases the thermal effect produced was proportional to 
the diff^erence between the pressures on the two sides of the plug. 
At high temperatures the cooling effect was less than at low 
temperatures. Its actual magnitude varied inversely as the 
square of the absolute temperature of the gas. 

The following table embodies the results of Joule and Kelvin’s 
experiments on air. It shows the value of the fall of tempera- 
ture produced by free expansion, when the difference in pressure 
on the two sides of the plug is 1 atmosphere. 


Mean Temperature 
during 
Experiment. 

No. of Experimenth. 

Fall in Temperature on Free Ex- 
pansion, for a difference of pressure 
of I atmosphere. 

7“ C. 

8 

o-263‘’ C. 

26 ,, 

2 

0 229 „ 

50 M 

6 

0*209 „ 

93 » 

6 

0152 „ 

• 
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Hydrog^en. — In the case of hydrogen, a rise of temperature 
amounting to 0-039° C. per atmosphere difference of pressure 
on the two sides of the plug, was found to result. 

Carbon Dioxide : 


_ Nrt of Temperature on Free Ex- 

Mean Temperature. Experiments pansion, for a difference of pressure 
^ * of X atmosphere. 


8 ® C. 

2 

1-233- C. 

36 M 

1 

1-022 „ 

54 

I 

0-885 „ 

96 

2 

0 645 .. 


Thus, if we let 8 be understood to denote the thermal effect 
experienced by a gas when it is allowed to expand without 
doing external work, we see that 8 is negative for air and 
carbon dioxide, and positive for hydrogen. 

From the conditions of the Joule-Thomson process we have seen that 
d {\3 •+< 5= o 

also from equation (2), page 364. 

ii(U + pv) = Td^ -f vdp. 

Calling (U + pv) = H 

= o 

But 

and by Maxwell’s fourth relation (D) 



An expression for the Joulc-Thomson effect, since BTjdp denotes the 
change in temperature per unit change of pressure during expansion, 
and this is determined experimentally in the porous plug experiment, 
A positive value of this denotes a cooling effect upon expansion. 
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The expression ( 2 ) may also be written as 

But = 4U + pdv. 

■* ^KdpJa \dpjT \ dp h 

The term BUI dp denotes the deviation from Joule's law 
(page 294), and is always negative because the internal energy 
due to molecular attraction always decreases with increase 
of pressure; hence this will always contribute a cooling 
effect upon expansion. The other term on the right-hand 
side denotes deviation from Boyle's law; if negative, the 
effect is one of cooling, and of heating if positive. 

From (i) we have 



and at the inversion temperature 



By Maxwell’s relation 

where is the inversion temperature. 

It can be proved with the help of Van der Waals’s equation that 



Combining this with the equation Tg = — ^ found for the critical 
temperature from Vein der Waals’s equation, we have 

_ 27 

T. 4* 

Thus the critical temperature is, in general, much lower than the 
inversion temperature. 

Conclusions. — ^The conclusions reached as a result of these 
experiments are : — 

(i) That at ordinary temperatures, neighbouring molecules 
of air, nitrogen, oxygen, and carbon dioxide exert a small but 
appreciable attractive force on each other. 
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(2) As the temperature of a gas rises, the ratio of the poten- 
tial to the kinetic energy of a molecule becomes smaller. This 
might have been anticipated, since at the same pressure, the 
mean distance between neighbouring molecules will increase 
with the temperature. 

(3) The small heating effect noticed in the case of hydrogen 
may be due to the repulsion of its constituent molecules, or to 
some other cause as yet undetermined. 

Liquefaction of Gases. — ^We have seen above that when 
air issues from a small orifice, it experiences a fall in tempera- 
ture amounting to about a quarter of a degree Centigrade 
for each atmosphere of difference in pressure between the 
two sides of the orifice. At first sight this small drop in 
temperature would not appear capable of utilisation in the 
attainment of very low temperatures (e.g., — 200° C.). But 
methods based on the use of this fall in temperature possess 
the advantage that they can be rendered continuous. 

This principle of regenerative cooling consists in allowing 
gas, initially cooled by Joule-Thomson expansion, to cool a 
further portion of gas which is in turn subjected to Joule- 
Thomson expansion, the cooling effect thus being made 
cumulative. Our initial considerations showed that it was 
necessary simply to cool a gas below the critical temperature, 
and then apply pressure ; but for the more permanent gases 
the critical temperature is very low, and we have already 
shown that, in any case, it is below the inversion temperature. 
In fact, for ordinary gases, no preliminary cooling is necessary 
in order to employ Joule-Thomson cooling, although for 
hydrogen it is necessary to cool below the inversion tempera- 
ture of — 80° C. We shall see that without this effect 
hydrogen would have presented an almost insuperable 
problem, for its critical temperature is -- 240° C. Hence 
the Joule-Thomson effect is evidently a more suitable process 
for attacking the liquefaction of the more refractory gases. 
The principle was employed almost simultaneously in 1895 
by Linde in Germany and Hampson in England. 

Linde’s Apparatus for Lique^ng Air. — Fig. 160 
represents the apparatus employed by Linde. Compressed 
air is delivered by the pump d, by way of the tube and the 
refrigerator g to the central tube at the top of the spiral 
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interchanger. A mixture of ice and salt is used in the 
refrigerator g. 

The compressed air then passes down through the central 
tube of the interchanger. All of the air passes through the 
throttle valve a, where the pressure drops from about 200 to 16 
atmospheres ; about \ of this air subsequently passes through 
the throttle valve h, where the pressure drops to a little more 



Fig. 160.— Linde's apparatus for liquefying air. (Later form.) 


than an atmosphere. The remaining ^ths of the air passes 
back between the central and the second tube of the inter- 
changer, which, as shown in the figure, comprises three con- 
centric tubes. It is finally brought back to the pump by the 
tube py. 

The air which has passed through the valve h passes into the ^ 
vessel Cf provided with a vacuum jacket. Part of this air is 
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, here liquefied, and the rest passes back between the second 
and outer tube of the interchanger, and escapes at k into the 
atmosphere. The space surrounding the interchanger is packed 
loosely with raw sheep's wool. 

The pump e is used to compress air, obtained from the 
atmosphere, to i6 atmospheres, when it is delivered, together 
with the air returning by the tube />!, to the pump d, whence it 
is caused to circulate as described. 

Liquid air may be drawn off from the tap h. The machine 
represented in Fig. i6o is worked by a 3 horse-power engine, 
and produces a continuous supply of 0*9 litre of liquid air 
per hour. Fifteen cubic metres of air at 200 atmospheres are 
kept in constant circulation, and about 3 cubic metres are 
pumped in from outside in the same interval. 

Further improvements have been made in this class of 
apparatus by Dewar and by Hampson. Liquid air can be 
obtained in a space of time as short as sixteen minutes, even 
when no previous cooling has been performed. If the air is 
first cooled by carbonic acid snow, liquid air may be obtained 
in two minutes. 

Liquefaction of Hydrogen. — ^This was accomplished by 
Dewar in 1898. The critical temperature, — 240° C., could 
not be reached by the evaporation of liquid nitrogen, which 
was the most intensive cooling liquid known at that time. 
The difficulty was overcome by utilising the Joule-Thomson 
effect, for hydrogen can easily be cooled below the inversion 
temperature, — 80® C., by means of liquid air. Hydrogen 
was first cooled as much as possible, and was then allowed to 
expand at a pin-hole nozzle at the end of a long coil of copper 
tube. The extra cooling produced by free expansion was 
utilised in cooling the unexpanded gas, and liquid hydrogen 
was finally obtained. The solidification of hydrogen by 
evaporation of the liquid under reduced pressure has been 
described in Chap. IX. * ^ 

Liquefaction and Solidification of Helium. — Helium 
proved to be the most refractory of all gases to liquefy. 
Attempts by Dewar to liquefy the gas by sudden expansion 
after previous cooling with solid hydrogen were unsuccessful. 
*The matter was then taken up in a systematic manner by 
Kamerlingh Onnes at Leyden, where most of the important 
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work on low temperatures has, in recent times, been carried 
out by Onnes and his successor Keesom and their collaborators. 
Onnes, from a study of the isotherms of helium at low 
temperatures was able to calculate the critical constants of 
the gas, and found the critical temperature — 268® C., and 
the inversion temperature about — 238° C. He therefore 
cooled the pure compressed gas with hydrogen boiling under 
reduced pressure, and then subjected it to the Joule-Thomson 
effect. The whole work was carried out using a special 
liquefaction apparatus, and in 1908 liquid helium was obtained.' 
Onnes later tried to solidify helium by evaporating the liquid 
under reduced pressure, but although he claimed to have 
reached 1° abs., the helium still remained liquid. Success 
was attained by Keesom in 1926 under entirely different 
conditions. Liquid helium was compressed at about 130 
atmospheres in narrow connected tubes, themselves cooled 
in liquid helium. A blockage of the tubes, stopping the 
flow of helium, indicated that solidification had been effected. 
In later experiments it was found possible to observe the solid 
helium in a glass tube ; solidification was found to take place 
at 4*2® abs. under 140 atmospheres pressure, and at i*i® abs. 
under 23 atmospheres pressure. 

Low temperature research has since been carried on not 
only at Leyden but also in other University laboratories and 
remarkable results have been obtained. A method known as 
the adiabatic demagnetisation of paramagnetic salts has been 
employed, depending on a slight heating effect during 
magnetisation. The substance is cooled as low as possible 
by means of liquid helium ; it is then magnetised and the 
temperature rises, cooling is next effected by evapora- 
tion of the liquid helium, and the insulated substance is 
finally demagnetised, thereby becoming further cooled. A 
temperature has been reached in this way as low as 0-015® 
abs. 

Free Expansion of High Pressure Steam. — It is a 

curious fact that high pressure steam escaping from a small 
orifice will not burn the hand, whilst low pressure steam, 
which is at a lower temperature, will inflict serious injury 
to the skin. 

In explaining this fact, it must be remembered that the cause 
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of the injury inflicted by steam is to be traced to the great 
amount of heat rendered up by that substance during condensa- 
tion. In cooling from 101° C. to loo'^C. (without condensation), the 
heat rendered up by steam would be comparable with that given 
up by air during a similar fall of temperature, and this would do 
no damage to the skin. Hence, as long as steam remains dry^ 
and does not condense on the skin, no burn will result. Now, 
steam saturated at 100° C. will readily condense, and thus pro- 
duce burns. 

On the other hand, saturated steam, under a high pressure, 
will be at a considerably higher temperature than 100'^ C. In 
issuing from a small orifice, the work of pressing the atmosphere 
back is performed by the steam still in the boiler. (Compare 
with the explanation of Joule and Kelvin’s experiment, p .383.) 

The steam is set in violent motion on issuing from the orifice, 
and consequently a cooling will occur. But this steam is quickly 
brought to rest by friction with the surrounding air, and the 
heat previously lost is thus regained. Consequently the steam 
after issuing from the orifice will be at the same temperature as 
the steam in the boiler, except for the small cooling which takes 
place on free expansion. It will therefore be unsaturated, and 
in a perfectly dry condition. In fact, supposing the condition 
of the steam before issuing into the air to be represented by the 
extreme point to the right of the straight portion of the iso- 
thermal ( Fig. 95, p, 208), its final condition, corresponding to a 
smaller pressure, will be represented by a point on the unsatu- 
rated vapour isothermal for the same temperature. 

When saturated steam performs external work during expan- 
sion, part of the steam is condensed ; this was the case with 
the steam in Hirii’s experiment (p. 325). In escaping into the 
atmospheres from a small orifice, no external work is per- 
formed by ihe escaphig sinartty hence condensation does not 
take place. 

For the determination of the absolute zero of temperature by 
the aid of data supplied by the porous plug experiment, see 

p- 473 (49). 

Summary. 

In Joule’s Experiment on the internal work performed by an 
exi>anding gas, the thermal capacities of the water and the gas were so 
unequal that great accuracy could not be anticipated. 
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Joule and Lord Kelvin subsequently investigated the same point 
by forcing the gas through a plug of cotton-wool and determining the 
consequent change of temperature of the gas. In this case, the work 
of overcoming the pressure of the atmosphere is performed by the 
engine, and any change of temperature which occurs can only be due 
to the tDerformance of internal work during the expansion. 

A's a result it was found that air is cooled during the expansion by 
about *25° C. per atmosphere difference of pressure on the two sides of 
the plug. Consequently neighbouring molecules of air exert a small, 
but appreciable, attractive force on each other. 

The Thermal Effects of Free Expansion are greater at low 
than at high temperatures. At low temperatures the attractive forces 
between neighbouring molecules become more important owing to the 
closer proximity of the molecules. 

In Linde’s Apparatus for liquefying air, the small fall of temper- 
ature due to the free expansion of the gas is utilised. After expand- 
ing through a small aperture, the cooled air abstracts heat from 
the air which has not yet expanded. This method is termed self 
intensive. 

Prof. Dewar has suceeded in liquefying hydrogen by first cooling 
it as much as possible, and then allowing it to expand in a manner 
similar to that used by Linde. At high temperatures hydrogen is 
heated by free expansion. Dewar’s experiments prove that at low 
temperatures hydrogen is cooled during free expansion. 

Helium was liquefied in 1908 by Kamcrlingh Onnes, and solidified in 
1926 by Keesom. 

Questions on Chapter XVIII. 

( 1 ) Describe a method of liquefying a refractory gas. 

(2) Give a description of the methods employed in liquefying air or 
some other of the more permanent gases. 

(3) Describe Thomson’s and Joule's experiments on the internal work 
of an expanding gas, and state the conclusion at which they arrived. 

(4) Write a short essay on the methods of maintaining refractory gases 
in tne liquid state for relatively long periods of time, and the uses to 
which they may be put. 

(5) Describe the processes which are necessary to liquefy oxygen. 

(6) Water is forced thiough a porous plug under a pressure of 
50 kilograms per sq. cm. above the atmospheric, and emerges with 
negligible velocity at the pressure of the atmosphere. Assuming that 
there is no loss or gain of heat from external sources, find the rise of 
temperature of the water, if 427 metre-kilograms are equivalent ta 

^ 1 kilogram-calorie. 
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ELECTRICAL INSTRUMENTS 

Construction of a Galvanometer.— A galvanometer is 
an instrument used to measure the strength of electrical currents. 
Sometimes a galvanometer is used only to indicate the existence 
or absence of very small currents. 

For a description of the tangent galvanometer and other 
instruments for measuring the absolute magnitude of currents, 
the student is referred to works on electricity. 

A brief description will here be given of certain sensitive 
galvanometers which are frequently used in experiments con- 
nected with the science of Heat. 

In order to explain the nature of these instruments, some pre- 
liminary consideration of the action of electric currents on 
magnets becomes necessary. 

Let us suppose that a conductor, through which an electric 
current is flowing in the direction of the arrow, Fig. i6i, is placed 



Fig. z6x. — Deflection of a magnet by an electric current. 


above a pivoted magnetic needle, parallel to the direction 
SN in which the latter points when acted on only by the 
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earth^s magnetism. Then the magnetic needle will move to a 
position S'N', The deflection of the magnetic needle will be 
increased as the conductor is brought nearer to the needle. 
Ampere's rule for determining the direction in which the 
respective poles of a magnet will iflove, when an electric current 
flows through a conductor in its neighbourhood, may be stated 
as follows. 

Imagine a man to be swimming in the neighbourhood of the 
conductor in the direction pursued by the current. Let him 
turn so as to face the magnetir needle. Then the S pole of 
the latter will be deflected towards his right hand, the N pole 
being deflected towards his left hand. 

If we imagine the conductor shown in Fig. i6l to be placed 
below the needle, the current flowing in the same direction as 
before, then remembering 
that the swimmer will still 
have his head pointing in tile 
same direction, but will now 
be swimming face upwards, it 
can be seen that the needle 
will be deflected in an oppo- 
site direction to thjit shown 
in the figure. 

If, however, when the con- 
ductor is placed below the 
needle, the current is reversed, 
the deflection of the needle 
will be in the same direction 
as that produced by the origi- 
nal current flowing above the 
needle. 

Let us suppose that we have a piece of copper wire, bent into 
two rectangular loops as showm in Fig. 162. Let a magnetic 
needle SJV be suspended by a fine fibre, so as to hang between 
and parallel to the planes of the loops. Then if an electric 
current is caused to flow along the wire, it will pursue opposite 
courses in the conductors above and below the needle. Hence, 
the deflection of the needle, produced by the current flowing 
along the conductors above it, will be increased by the action 
of the current flowing in the reverse direction along the conduc- 
tors below it 



Fig. 162. — Simple astatic ga’vanometer. 
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If a second needle, with its poles oppositely directed to 
those of SN, be attached to the latter in such a position that it 
hangs above the upper conductors, it can be seen that the 
current in the upper conductors will tend to displace this 
needle in the same direction as that in which SJV was dis- 
placed. 

Two magnetic needles placed parallel to each other in the 
same plane, and with their poles oppositely directed, are said to 
form an astatic combination. Such a combination will be acted 
on by the earth’s field to only a small extent. When suspended 
between two loops of wire in the manner indicated by Fig. 162, a 
current through the latter will produce a much greater deflection 
than if only one needle had been used. 

The Astatic Galvanometer. — If we suppose that the 
two rectangular loops shown in P'ig. 162 are replaced by two 

rectangular coils of many 
turns, we shall have a clear 
idea of the nature of Nobili’s 
astatic galvanometer. This 
latter instrument is repre- 
sented in Fig. 163. The 
upper magnetic needle moves 
over a graduated card, so 
that the deflection of the 
astatic system can be accu- 
rately observed. The ends 
of the wire forming the coils 
are joined to two terminals, 
and the base of the instru- 
ment is provided with level- 

Fig. 163— Nobili's astatic galvanometer. ling SCrCWS. A glaSS shade 

protects the suspended sys- 
tem from air draughts. It is arranged that the magnetic needles 
hang parallel to the planes of the coils when no current is 
passing through the galvanometer. It may be noticed that 
the longer the pointer which moves over the graduated card is, 
the smaller will be the angular deflection that can be observed. 

The Reflecting Galvanometer.— If a galvanometer is 
required to indicate very small currents, the suspended system 
must be made very light. In this case a difficulty arises in 
obtaining a pointer of sufficient length which will yet possess 
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no appreciable mass. This dififtculty has been overcome by 
Lord Kelvin, by using a beam of light as a pointer. 

Light from an electric lamp passes through a small aperture, 
and falls on a small silvered mirror attached to the suspended 
magnets. The light is thus reflected back, and falls on a scale 
placed above the aperture through which the light originally 
came. (Fig. 164.) Small pieces of magnetised watch spring 
are used as magnets ; these are fastened to the back of the 
small mirror, which is suspended by a fine fibre between the 
coils of the galvanometer. A permanent magnet, on a 



vertical pillar fixed to the top of the galvanometer, serves 
to direct the small magnets. When a current passes 
through the coils, and the magnets, together with the 
attached mirror, are deflected through a given angle, the 
beam of light reflected from the mirror is deflected through 
twice that angle. 

If the distance between the galvanometer and scale is i metre, then 
a deflection of the mirror amounting to 1° will cause the spot of light 
on the scale to move through about 3*5 cms. As a motion of the spot 
of light on the scale can be observed to within *01 cm., a deflection of 
the magnets amounting only to can be observed. 

For most practical purposes, the distance through which 
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the spot of light moves may be taken as proportional to the 
current flowing through the galvanometer coils. 

The Suspended Coil Galvanometer.— The great 
drawback in the use of galvanometers of the suspended magnet 
type, lies in the fact that if magnets or pieces of iron are brought 
near them, a deflection may be produced. With sensitive 
instruments of this type, it is necessary for the experimenter 
to remove all keys, &c., from his pockets, and even when all 



Fig. 165. — Suspended coil galvanometer. 


possible precautions of this kind have been taken, any varia- 
tions in the current carried by electric light mains in the 
neighbourhood of the instrument will alter the deflection of the 
needle. 

Difficulties such as those described may be entirely overcome 
by the use of a suspended coil galvanometer. If a coil is hung 
between the poles of a permanent magnet, the plane of the 
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coil being parallel to the line joining the magnet poles, then a 
current sent through the coil will cause the latter to be deflected, 
just as the needle is in the case of an ordinary galvanometer. 

Fig. 165 represents a suspended coil galvanometer. In this 
instrument a coil of fine wire is suspended, by the aid of two 
very thin and narrow metallic strips, so that it hangs between 
the poles of a powerful permanent magnet. The current is 
conveyed to and from the coil by way of the suspending strips. 
The strength of the permanent magnet is so great that bringing 
an ordinary magnet near will uot produce any appreciable 
effect on the suspended coil when carrying a current. Hence 
magnetic disturbances are almost completely done away with 
"in this type of instrument. 

Comparison of Electrical Resistances.-- Let us 
suppose that we are provided with three sets of coils, the. 
electrical resistances 
of which, ^3» 

-^4, can be adjusted 
at will to possess any 
required values. Let 
it be required to de- 
termine the resist- 
ances of some 
other coil. Connect 
the coils together, as 
shown in Fig, t66, 
by means of stout 

strips of copper, Fig. 166. — Diagrammatic representation of WTieat- 

^e/, ghk, Imn. Con- ''"‘‘8=- 

nect the terminals of 

a 'cell, Vy to the points m and Cy a key, Aj, being included in 
the circuit, so that the current can be interrupted when neces- 
sary. This key will be termed the battery key. 

Connect the points b and h to the terminals of a sensitive 
galvanometer, Gy a key, K^y being also included in the circuit. 

Then, if the resistances of Ag, A3, and A4, are so adjusted 
that when the keys and A^g are successively depressed no 
deflection is produced in the galvanometer, we have the 
following relation 

A 

A2 A4 
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Thus, if ^2 known, and the ratio yA is also known, the value 

A4 

of can at once be obtained. 

The above arrangement for comparing resistances is generally 
known as Wheatstone's Bridge. It was really, however, 
invented by Mr. S. Hunter Christie, and the invention was duly 
acknowledged by the late Sir Charles Wheatstone. 

Electrical Methods of Measuring Temperature. — 
A mercury thermometer, as previously pointed out, is unsuitable 
for making measurements of very high temperature. It is 
equally unsuitable for measuring very low temperatures (those 
below - 39° C., the freezing point of mercury). It is now possible 
to obtain in the laboratory temperatures as low as — 245*^ C. ; con- 
sequently some method of measuring such low temperatures 
becomes necessary. 

As a matter of fact, a gas thermometer is in all cases used as 
an ultimate standard ; but, as the use of such an instrument is 
somewhat tedious, besides demanding experimental conditions 
which cannot always be complied with, other methods of 
measuring very low or very high temperatures have been 
invented. The most important of these depend on the utilisa- 
tion of certain electrical phenomena which vaiy with 
temperature. 

Platinum Resistance Thermometer or Pyrometer. — 
The electrical resistance of a metallic wire varies with its 
temperature ; consequently, we might utilise this property for 
the construction of a thermometer. For, if we calibrate the 
wire by determining its resistance at a sufficiently large number 
of temperatures, we may draw a curve connecting temperature 
and resistance, so that when the wire is observed to have a 
certain electrical resistance, its temperature may at once *be 
determined by reference to the curve. In order that this 
process should be practically useful, the following conditions must 
be complied with. 

It is necessary to choose a wire of a material that will not be injured 
by exposure to high temperatures. 

The accuracy with which measurements of temperature can be 
made by measuring the resistance of a wire will depend on the wire 
always possessing the same electrical resistance at any particular 
temperature. 

If a ^ery large number of points on the calibration curve need to be 
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obtained experimentally, the preliminary work in calibrating the wire 
will be much increased. If, on the other hand, it can be proved that 
the relation between temperature and resistance can be expressed by 
some simple and well known curve, it may only be necessary to deter- 
mine a limited number of points through which the curve may be 
drawn by geometrical or other simple means, thus permitting of a 
great reduction in the work of calibration. 

Sir W. Siemens was the first to attempt to construct a 
platinum resistance thermometer. It consisted of a platinum 
wire wound round a fire-clay cylinder, the whole being protected 
by a stout wrought iron tube. It was found, however, that after 
having been exposed to high temperatures, the resistance of 
the platinum wire did not return to its initial value. As a 
matter of fact, it appears that the silica in the fire-clay cylinder 
attacked the platinum wire, and thus altered its qualities. 

Callendar took up the question, with the result that he 
found that if a coil of pure annealed platinum wire be wound 
on a mica framework, and thoroughly protected from the 
action of injurious gases by means of a hard glass or porcelain 
tube (the choice between these substances being determined 
by the highest temperature to which the completed thermo- 
meter is to be raised), then the temperature as deduced from 
an observation of the resistance of the wire would seldom be 
in error by more than about ^ C. The value of this discovery 
may be understood when it is considered that, even with the 
application of the corrections previously discussed (See Chap. II.) 
it is exceeding difficult, with a mercury thermometer, to 
determine a temperature near 200° C., with no greater error 
than degree ; yet, by the aid of a platinum resistance ther- 
mometer, a temperature up to 500"^ C. may be directly determined 
with no greater qrror than C. Even up to 1,300® C., a tem- 
perature may be directly determined to within Thus, in 
addition to the far wider range afforded by a platinum resistance 
thermometer, zero errors and a whole host of troublesome 
.corrections are entirely done away with. 

Experiment shows that if Rq is the resistance of a piece of pure 
platinum wire at o® C. , then the resistance at C. may be expressed as 

R* =Kq{i + af + dt^). 

This is an equation including three constants, Ro, and d ; the value 
of these can be calculated if the resistance of the wire at any three 
sufficiently remote temperatures is determined. The freezing *and boil- 
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ing points of water afford two convenient temperatures, and the tem- 
perature of sulphur boiling under standard pressure was originally used 
to determine the third point. Sulphur boils at 444 '53" C. under standard 
pressure ; if the pressure differs from the standard pressure, 0'082'’ C. 
must be added for each extra mm. of mercury. 

It has since, however, been shown by Dewar and Fleming that 
the resistances of pure metals, including platinum, decrease as 

— 273® C. is approached, thus leading to the conclusion that at 

— 273® C. the resistance of a pure metal would be zero.^ It has 
been found that, by the use of this relation, together with observations 
of the resistance at the freezing and boiling points of water, a 
platinum wire may be calibrated with sufficient accuracy for all 
ordinary purposes. 

It will be noticed 
that the relation be- 
tween Re and t may 
be expressed by a 
particular parabolic 
curve. The general 
form of this curve may 
be seen by referring to 
Fig. 167. The com- 
plete curve for a par- 
ticular wire may be 
quickly plotted by 
means of a continuous 
line by joining a num- 

-300 o 500 looo 1600 2000 2600 8000 her of points, calcu- 
Temperature, degree. Centigrade for various values 

t iG. 167. ^ equation 

already given. 

Callendar’s method of using a platinum resistance ther- 
mometer is as follows : The thermometer is supplied with two 
exactly similar sets of leads, one set T (Fig. r68), being con- 
nected to the ends of the spiral of fine platinum wire X, while 
the other set C (called the compensating leads) are joined at 
their ends within the containing tube of the thermometer. The 
Wheatstone’s bridge arrangement comprises two equal con- 
jugate arms P and Q. Of the other two arms, one comprises 
the platinum spiral X, the leads T connected across the ter- 
minals A^, and the right-hand part of a stretched wire F B ; 

1 More accurate results can be obtained by assuming that the electrical resistance 
of platinuRi/becomes equal to zero at - 340® C. (Callendar, Phil. Feb. iSgq, 

p. *18.) 
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the other arm comprises a set of 
resistance coils R, the compen- 
sating leads C connected across 
EF, and the left-hand part of 
the wire F B (compare Fig. i68 
with Fig. 1 66). Let X represent 
the resistance of the platinum 
spiral, R that of the resistance 
coils, C and T the resistances 
of the two sets of leads, and 
2a the resistance of the wire 
F B, while x is the resistance of 
that part of this wire between its 
middle point and the galvanometer 
connection, so that the two parts 
of F B have resistances (a + x) and {a — x). 
Then since P and Q are equal, the resistances 
in the other two arms of the bridge must 
be equal when no galvanometer deflection 
is produced ; in these circumstances 
R C CL -|- X == X “j“ T -f- CL — X, 
The two sets of leads are exactly similar, 
being made of the same material and lying 
side by side, so that their temperatures are 
always equal, and therefore C is always 
equal to T. Thus X = R + 'ix. 



Fig. 168 . 


Ex?t. 65. — To Construct and Calibrate a Platinum Resist- 
ance Thermometer. — Select a thin-walled test-tube about 12 cm. in 
length, with an internal diameter of about i cm. Cut a rectangular 
strip of mica about 12 cm. in length, and of a breadth very slightly less 
thaii the internal diameter of the test-tube, so that it will just fit into the 
centre of the latter and be maintained steady there. Scratch fine lines, at 
intervals of 2 mm., across this strip of mica for a space of about 6 cm. 
from one end. Small V-notches must now be cut at the ends of each 
of these lines (Fig. 169). Make four holes through the mica, as shown 
in the figure, driving a needle of a suitable size through it by a tap from 
a hammer. These holes are to hold the ends of the leads in position. 

Take two pieces of copper wire, about 75 mm. in diameter, and solder 
an end of each of two pieces of very fine platinum wire on to one end of 
each of these. Care must be exercised in effecting the soldering, for at 
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a sufficiently high temperature platinum forms an alloy with lead. The 
best way of proceeding is to wind one end of the fine platinum wire 
round the copper, and having slightly wetted the junction with zinc 
chloride, heat the copper wire half an inch or so below the place where 
the platinum wire is wound, touching the junction of the wires from 
time to time with a small piece of soft solder. The moment the latter 
melts heating should be discontinued. If the copper wire is clean, and 
if enough "zinc chloride has been applied, the solder 
will at once make a good junction between the 
platinum and the copper. The joint must directly 
afterwards be well washed with hot water to re- 
move any remaining trace of the zinc chloride. 

The free ends of the copper wires are now 
threaded through the holes in the mica {see 
Fig. 160), the platinum wires being left hanging 
one or either side of the mica. A cork which fits 
the test-tube has a channel cut out on its side, so 
that air can escape from the test-tube when the 
latter is heated. A cut is made in this cork to 
take the upper end of the mica slip, and the free 
ends of the copper wires are threaded through two 
small holes bored for that purpose. The mica 
slip will now be firmly attached to the cork. Now 
commence winding the platinum wire attached to 
the lead C (say) ; this follows the course 0 a b c d 
. . . and e /, and is finally passed through a small 
hole,^, at the lower end of the mica. The re- 
maining platinum wire is now wound parallel to 
the first in the remaining notches, and its end is 
finally twisted up with the wire projecting from 
and the junction soldered by the aid of a solder- 
ing bit. The whole may now be enclosed in the 
Fig. 169. — Platinum test-tube, and the neighbouring ends of a twin 
resistance thermometer, flexible cable (such as used for suspending electric 
glow lamps) can be soldered on to the wires A, B. 

To calibrate this thermometer its resistance is measured when the 
test-tube is buried almost up to the cork in ice shaving‘s. Make several 
measurements of the resistance, repeating these till the results obtained 
reach a constant value. 

Be very careful never to depress the battery key for a longer time than 
is absolutely necessary ^ otherwise the thin platinum wire will be heated 
by the current passing thrmgh it. 

The boiling point is determined by immersing the test-tube in steam, 
ftn apparatus similar to that described in p. 11 being used. 
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The constants in the equation connecting R* and t can now be 
calculated, and the curve drawn. 

With such a thermometer, much more accurate results can be obtained 
than with an expensive mercury thermometer. 

Advantages of Platinum Resistance Thermo- 
meters. — I. Its zero is constant, and a single determination of 
its resistance at the boiling and freezing points of water will suffice 
for the plotting of a resistance-temperature curve which will 
be permanently useful. On the other hand, mercury thermo- 
meters require to have their fixed points redetermined at 
intervals. 

2. Readings are quickly taken, and no correc tlons (such as 
those for exposed stem, internal and external pressures, &c., 
which must be used with a mercury thermometer) are in this 
case required. 

3. It possesses a far wider range than any other form of 
thermometer, except an air thermometer. 

4. The magnitude of a platinum resistance thermometer need 
not be excessive ; its tube need not be larger than the bulb of a 
mercury thermometer of equal sensitiveness. 

The Bolometer. — ^The alteration which occurs in the elec- 
trical resistance of a platinum wire when the latter is heated, 
was utilised by Langley in 1881 in the construction of an 
instrument which he named the Bolometer, 
or actinic balance. This instrument is desigmed 
to measure the heat produced by the absorption 
of light (or, more generally speaking, radiation) 
corresponding to various parts of the spectrum. 

The instrument itself consists of a couple of 
gratings, such as indicated in Fig. 170, punched 
from very thin platinum foil, and covered with 170— Grid for 

a layer of platinum black. The thickness of bolometer, 
the foil used only amounted to mm. These 
gratings form two arms of a Wheatstone’s bridge, and the resist- 
ances in the remaining arms are so adjusted that, when both 
gratings are shielded from radiation, the galvanometer needle is 
undefiected. When radiation is allowed to fall on one of the 
gratings, its resistance instantly increases and a consequent 
deflection of the galvanometer occurs. A difference of tem- 
perature amounting to yo will produce a readable 

deflection. • 
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Using this instrument, Langley was able to investigate 
the heat which reaches us from the moon. 

In an improved form of the instrument, due to Lummer and 
Kurlbaum in 1892, two identical grids are placed one behind 
the other so that the second one covers the spaces betwcJen the 
first and the full effect of the radiation is obtained. 

Thermo-Couples. — ^Let ABC, ADC (Fig. 171) be two 
pieces of wire of different materials, fused or soldered together 
at A and C ; then if the junction A is maintained at a higher 

temperature than that at C, an 
electric current will be generated 
which may flow round the circuit 
in either direction according to the 
materials used. The E.M.F. pro- 
duced is proportional to the differ- 
ence in temperature between A and 
C. The phenomenon is known as 
the Seebeck effect, being dis- 
covered by Seebeck in 1821, and 
Fig. 171.— Copper-iron thermo- the two wires are said to con- 
stitute a thermo-couple. Let us 
suppose that ADC, ABC (Fig. 171) are two pieces of copper 
and iron wire respectively. Then, if A is maintained at 100° C. 
and C at 0° C., an electric current will flow, at A, from copper 
to iron, i.e. in the direction of the arrow. If, however, the 
mean temperature of A and C is raised to 280° C., there will be 
no current produced in the circuit ; whilst if the mean tem- 
perature of A and C is raised still further, a current will flow 
round the circuit, passing from the iron to the copper at the 
hot junction, i.e. in the direction opposite. Most pairs of pure 
metals exhibit this thermoelectric inversion, for certain differ- 
ences of temperature between the two junctions. Hence, for 
measurements of very high or very low temperatures, a 
thermo-couple comprising two wires, one of a pure metal and 
the other of an alloy of that with some other metal of similar 
properties, is generally used. For high temperature work, 
both the metal and the alloy must be infusible. 

The Roberts-Austen Recording Pyrometer. — ^The 
use of a thermo-couple for high temperature experiments is 
well illustrated by Sir William Roberts-Austen’s recording 
pyrometer, used at the Royal Mint. The* wires used are 
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respectively composed of pure platinum and platinum alloyed 
with lo per cent, of rhodium. The wire ACB (Fig. 172), com- 
posed of the alloy, is fused on to pure platinum wires, ADE 
and BF, at A and B. The junction A is protected by a fire-clay 
tube, and is placed in a crucible containing molten metal ; the 
junction B, which must be maintained at a constant temperature, is 
surrounded by steam in a vessel similar to that used for obtain- 
ing the boiling point of a thermometer. The two free ends 
of the platinum wires, ADE and BF, are connected to the 



Fig. 17a.— The Roberts- Austen recording pyrometer. 


terminals of a sensitive snspended coil galvanometer, G. It is 
arranged that the resistance of this instrument is so great that 
any variation in the electrical resistance of the wires composing 
the thermo-couple will not produce any appreciable effect on 
the current generated. Consequently, a definite deflection of 
the galvanometer G will correspond to a definite temperature 
of the junction A. 

The above arrangement was designed to obtain a cooling 
curve for solidifying metals and alloys, i.e, to determine how 
the temperature of a metal or alloy varies as it passes from a 
molten to a solid state. In order to do this, an arrangement 
for obtaining a photographic record of the galvanometer deflec- 
tion is employed. The needle of the galvanometer is provided 
with a small silvered mirror, from which a ray of light is re- 
flected on to the photographic plate. As the needle is capable 
of twisting only about a vertical axis, if the photographic plate is 
kept stationary, and the galvanometer deflection \aried con- 
tinuously, a horizontal line will be found on the plate after develop- 
ment. On the other hand, if the galvanometer needle remains in 
its zero position whilst the photographic plate is gradually raised 
or lowered, a vertical line will be found on the plat^e after 
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development. The line OO (Fig. 173) is such a zero line ; all 
points on this line will correspond to equality of temperature 
between A and C, i.e. to a temperature of loo' C. at the thermo- 
junction A. In order to lower the photographic plate slowly 
and continuously, it is supported on a float which is partly 
immersed in water contained in a vessel. If this water is 



Fig. 173.— Curves obtained by the Robcrts-Austen recording pyrometer. 

drawn ofif uniformly by the aid of a tap, the desired movement 
will be attained. 

Let us suppose, now, that pure molten aluminium is placed in 
the crucible, thus surrounding the junction A. A deflection of 
the galvanometer is produced, which will decrease as the 
temperature of the aluminium falls. Consequently, we find the 
temperature variation of the aluminium represented at first by 
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an inclined straight line, due to the gradual motion of the spot 
of light to the right, combined with the downward motion of the 
plate. After a short time, the curve changes into a vertical 
straight line ; this denotes that the temperature has remained 
constant for a certain period. Afterwards, the galvanometer 
needle has again moved toward the right, indicating a further 
fall of temperature. 

As already explained (s^e Chap. VIII., p. 164) the temperature 
corresponding to the vertical portion of the aluminium curve is 
the melting point of aluminium. The curve Z is obtained on 
the same plate by repeating the above procedure, using zinc 
instead of aluminium in the crucible. We have now obtained 
the galvanometer deflection corresponding to loo' C. (zero line), 
660*" C. (melting point of aluminium), and 420° C. (melting point 
of zinc). We can consequently construct the temperature scale 
given at the bottom of the figure. 

The curves B, C, and D, were obtained immediately after 
A and Z on the same plate. They correspond to alloys 
of copper and tin, containing respectively 50, 55, and 45 per 
cent, of copper. At some points it will be noticed that these 
curves denote a constant temperature for a small interval 
of time ; at other points, a slight increase in temperature is 
seen to have occurred. These points, which could not have 
been observed by the aid 
of an ordinary thermome- 
ter, are of the greatest 
importance in studying 
the properties of alloys. 

The Thermopile. — 

If a number of copper 
and iron wires are joined 
together as indicated in 
Fig. 174, the free ends, 

AB, being connected to a 
galvanometer, a compara- 
tively strong current will 
pass through the latter 

when one set of junctions 1 • 1 

IS lieated as shown. If the wires are thick, and the electrical 
resistance of the galvanometer is high, for a given difference of 
temperature between the hot and cold junctions, the deflection 



Fig. 174. — Simple form of thermopile. 
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of the galvanometer will be proportional to the number of 
couples employed. 

An arrangement such as that described is termed a thermo- 
pile. As a general rule, antimony and bismuth are used instead 
of iron and copper. 

In order to diminish the electric resistance which the current 
will experience in passing through the thermopile, small rect- 
angular rods are used. 

A thermopile consisting of i8 couples is represented in 
Fig. 175. The bismuth bars are shaded, the antimony bars 
being left clear. The thick lines indicate the position of 



Fig. 175. — Thermopile. 



Fig. 176. — Thermopile mounted ready 
for use. 


insulating material, such as mica, whilst the fine lines indicate 
the soldered unions of the bismuth and antimony bars. 

When the near face is heated, a current will flow across the 
hot junctions from bismuth to antimony. The current will enter 
the pile at B, and flow downward in a zigzag direction through 
the right hand layer of couples. On reaching C, the current enters 
the lowest bismuth bar in the next layer, and then flows up that 
layer. On finally reaching the terminal A, the current leaves 
the pile. 

A thermopile mounted ready for use is represented in Fig. 176. 
Its exposed faces are blackened so as to readily absorb radiant 
energy,; they can be covered with brass caps when it is wished 
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to screen them from radiation. A metal cover is generally 
mounted at the exposed end of the pile during experiments on 
radiation ; by this means, the exposed face is protected from air 
currents, and from radia- 
tion proceeding from 
bodies other than that of 
which the radiating power 
is being investigated. 

The Radio - Micro- 
meter. — Since a large 
mass of metal is used in 
the construction of a 
thermopile, a consider- 
able amount of heat must 
be absorbed before any 
appreciable change of 
temperature is produced 
in the metal near one of 
the exposed surfaces. In 
the radio-micrometer, an 
ingenious piece of appa- 
ratus invented by Boys, 
this drawback is over- 
come by making the 
thermo-couple from very 
thin and narrow strips of 
antimony and bismuth, 
connected at one end by 
means of a very thin piece 
of blackened copper foil. 

, The other ends of the bis- 
muth and antimony strips Fig, J77.— Professor’ Boys’s radio-micrometer, 
are connected to the ex- 
tremities of a long narrow coil of a single turn of wire 
(Fig. 185). This coil is suspended by a quartz fibre, so that it 
hangs between the poles of a powerful electromagnet. When 
no current passes through the coil, the quartz fibre constrains it 
to hang with its plane parallel to the line joining the magnet 
poles. When any radiation falls on the piece of blackened 
copper foil, this latter is heated, and a current flows round 
the suspended circuit. As the rotation of this c^cuit is 





404 


HEAT FOR ADVANCED STUDENTS 


CHAP. 


opposed only by the feeble torsional force of the quart;^ fibre, 
a very small current produces a considerable rotation, the 
magnitude of which can be measured by the aid of a beam of 
light reflected from a very small silvered mirror, m, attached to 
a piece of thin capillary glass tubing, which connects the coil 
with the quartz fibre. 

It will be seen that the radio-micrometer is really a combina- 
tion of a thermo-couple with a very delicate suspended coil 
galvanometer. By means of this instrument, the heat com- 
municated to us by radiation from the moon can be accurately 
measured. Valuable information has also been afforded by its 
use in respect of other astronomical bodies . F or instance, from 
the fact that the planet Jupiter is enveloped in great masses of 
cloud, it had been assumed that the temperature of that planet 
was very high. Boys assured himself that if the temperature 
of Jupiter were as high as ioo° C., the heat radiated from it 
could be detected by the aid of the radio-micrometer. As no 
deflection was produced when the image of Jupiter, formed in 
a reflecting telescope, was tlirown on the small blackened 
copper disc of the radio-micrometer, the conclusion reached 
was that Jupiter was at a lower temperature tlaan ioo° C. 

The heat communicated to us by radiation from the stars 
could not be detected by the aid of the radio-micrometer. 

Radiation pyrometers will be discussed in Chap. XXI. 

Summary ok Chapter XIX. 

A Galvanometer is an instrument designed to measure or detect 
the presence of electrical currents. In some cases a suspended magnet 
is deflected by the action of the electric current circulating infixed coils, 
whilst in others a suspended coil is deflected by the action on fixed 
magnets of the current which flows through it. 

Platinum Resistance Thermometer. — The electrical resistance 
of pure platinum would apparently be equal to zero, at the absolute zero 
of temperature, and varies with the temperature of the platinum. Con- 
sequently a measurement of the resistance of a piece of platinum wire 
may be used to determine the temperature of the wire. 

Thermo-couples. — If a closed circuit is formed of two different 
metals, and one of the junctions is heated, an electric current will flow 
round the circuit. For a given circuit, the current produced will depend 
on the difference of temperature between the hot and cold junctions. 
This gives a means of measuring very high or very low temperatures. 

A Tfeermopile consists of a number of thermo-couples arranged in 



XIX 


ELECTRICAL INSTRUMENTS 


405 


such a manner that all the couples tend to produce an electric current 
flowing in one direction round the compound circuit. 

Boys’s Radio-Micrometer is a combination of a very light thermo- 
couple with a delicate suspended coil galvanometer. 


Questions on Chapter XIX. 

(1) Describe fully the arrangements you would make in order to com- 
pare the scales of the electrical resistance thermometer, and of the air 
thermometer. 

(2) Give a critical account of methods which have been devised for 
the measurement of very high temperatures. 

(3) Describe the radio-micrometer of Prof. Boys. 

(4) Describe and explain the principles of the action of the thermo- 
pile. 

(5) Describe a method of measuring a high temperature, such as that 
of a furnace. 

(6) Describe some form of electrical pyrometer. 

(7) Describe some instruments practically used in the measurement ot 
very high temoeratures. 



CHAPTER XX 


CONVECTION AND CONDUCTION OF HEAT 


Convection of Heat. — When a fluid is heated, as a general 
rule its density is diminished. If only a part of a fluid is heated, 
the difference of density thus produced 



may cause currents to be set up. The 
action of these currents will be to carry 
the warm fluid away from the point at 
which heat is being communicated, 
whilst its place is taken by colder fluid 
from surrounding parts. Hence the 
tendency is to equalise the tempera- 
tures throughout the fluid. Since heat 
is conveyed from place to place by 
finite portions of the fluid, the process 
is termed convection of heat. 

Expt. 66. — Take a round-bottomed 
glass flask, partly fill this with water, and 
drop a few crystals of magenta into it. 
Heat the flask by means of a very small 
Bunsen flame. As the water passes the 
crystals of magenta it becomes coloured. 
Its subsequent path is indicated by coloured 
streaks in the water (Fig. 178). It is thus 
seen that the heated water rises through 
the centre of the flask ; after being cooled 


Fig. 178 -Arrangement fo, ‘'V 

showing the convection of parts of the flask, it descends near the 
heat in water. walls of the latter, and finally gets heated 


once more. After a short time the water 


throughout the flask will become uniformly coloured, thus showing how 
well the^water is mixed by means of the convection currents produced. 
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In the above experiment, the heated water rises through its 
colder surroundings by virtue of its diminished density ; just as 
a drop of paraffin oil, which is less dense than water, will rise 
through the latter. 

Expt. 67. — Take a glass tube, of the form shown in Fig. 179 ; fill 
this with water, and drop a few crystals of magenta through the open 
neck. Now heat one of the vertical side tubes by means of a spirit 



Fig. 179 — Convection of heat in water. 

lamp or Bunsen flame. The path of the convection currents set up 
will be indicated by lines of coloured water {see Fig. i79)- 

Expt. 68. — Make a small paper box by folding writing paper (Fig. 
180). The flaps maybe stuck down by means of sealing wax. Susp>end 
this box by means of fine wires, and half fill it with water. It will be 
found that this water can be boiled by the aid of a Bunsen flame, whilst 
the paper will not be scorched where it is in contact with the enclosed 
wate.. This shows that the water conveys the heat away from the 
paper as quickly as it is communicated. 

Since convection of heat is effected by actual currents moving 
through the medium, it can take place in liquids and gases but not in 
solids 

Joule’s Determination of the Temperature of Maxi- 
mum Density of "Water. — In this experiment two long 
metal cylinders, similar to those shown in Fig. 181, were em- 
ployed. The cylinders were placed vertically, and communi- 
cation was established near their upper ends by meafls of a 
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shallow trough, whilst a tube provided with a stop-cock served 
when required to establish communication between their lower 
extremities. Both cylinders were filled with water, and the stop- 
cock being closed, the water in one cylinder was cooled by the 
addition of ice shavings. After the water in each cylinder had 
been well stirred, the stop-cock was opened. If there was any 
diflference in density between the water in the two cylinders, 
convection currents, similar to those made evident in Expt. 67, 
were produced. These currents were indicated by the motion 
of a small float placed in the trough connecting the upper ends 



of the cylinders. By trial it was finally found that the density 
of water was the same at two different temperatures, one above 
and the other below 4® C. (Cf. Fig. 42). By performing this 
experiment with the warmer water at a number of different 
temperatures approaching 4° C., the temperature of maximum 
density was at last found. 

‘Winds. — When the air near one part of the earth’s surface 
is heated, this air rises, and air from other colder parts of the 
atmosphere rushes in to take its place. Thus winds are pro- 
duced. The direction of motion of the air is often affected by 
the mdtion of the earth. 
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LiflJid and Sea Hreezes. — During the day, whilst heat is 
being communicated by the sun, the temperature of the land 
rises more quickly than that of the sea. This is partly due to 
the exceptionally high specific heat of water. The communication 
of a given quantity of heat will raise the temperature of a 
pound of sand, rock, or soil, to a much greater extent than 
a pound of water. The earth communicates part of its heat 
to the surrounding air, and this air rises, whilst colder air from 
over the sea rushes in to take its place. This constitutes a sea 
breeze^ which blows during the day. 

During the night the earth cools more rapidly than the sea, 
for the reason discussed above. (Compare this result with the 
method of determining the specific heat of a substance by 
cooling, p. 129.) Hence, shortly after sunset the sea is warmer 
than the land. Consequently, air currents flow from the land to 
take the place of the hot air which rises from over the sea. 
These currents constitute land breezes. 

Ocean Currents. — Currents flow from warm to colder 
parts of the ocean, for reasons similar to those discussed in 
connection with Expt. 66. The directions of these currents 
are modified by the motion of the earth, and the configuration 
of the land. 

Conduction of Heat. — When heat is propagated from one 
part of a body to another.^ ivithout the occurrence of motion in 
any finite pa 7 't or parts of the body, intenfiediate points being 
heated fneamuhile^ the process of transfer is ter^ned conduction. 

The most familiar instances of conduction are furnished by 
solid metallic bodies. 

Expt. 69. — Take similar rods of copper and iron, and place an end 
of each in the fire. After a short time it will be found that the free 
end of the copper rod is too hot to be held in the hand, whilst the 
corresnonding end of the iron rod is still hardly warmer than at first. 

In the case of the copper, heat has been directly communi- 
cated to the end of the rod which is in the fire, and this heat 
has travelled along it without the occurrence of any sensible 
motion of finite parts of the rod. Hence, heat has be^n 
transmitted by conduction. 

In the case of the iron rod, a similar transference has 
occurred, though to a much smaller extent. 

All bodies conduct heat, though some to a much smaller 
extent than others. As a general rule, substances which, like 
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silver and copper, are good conductors of electricity, will also 
conduct heat readily. Iron and lead, which are not such good 
conductors of electricity, are also rather poor conductors of 
heat. Glass (which is, comparatively speaking, a non- 
conductor of electricity) conducts heat very badly indeed. 
Thus it is possible to fuse one end of a glass rod, and raise 
it to a bright white heat, whilst the glass an inch or so up the 
tube remains quite cool. 

There are, however, no substances known which are 
total non-conductors of heat. 

An empirical relation was proposed in 1853, known after its 
authors as the Wiedemann-Franz Law, that the ratio of the 
thermal and electrical conductivities at a particular tempera- 
ture is the same for all metals. Lorentz in 1872 showed that 
this ratio is proportional to the absolute temperature. Actually 
the law is only approximately true ; at low temperatures the 
electrical conductivity increases much more rapidly than the 
thermal conductivity. 


Expt 70. — To illustrate the difference in the conductivities of wood and 
brass , — Take a flat piece of wood, and form a pattern on its surface by the 
insertion of ordinary brass wood-screws. 
File the heads of the screws down to be flat 
with the wood, and then rub the common 
surface on a piece of glass paper placed on 
a flat board. Paste a piece of thin paper 
(the cheapest foolscap will answer well) 
over the surface and leave it to dry. Then 
carefully hold the surface over a Bunsen 
flame. It will be found that the paper 
chars over the wood, but remains unburnt 
where it is in contact with the brass (Fig. 
182). The difference in the conductivities 
of different parts of the grain of the wood 
will also be made manifest. 



Fig. 182 .—Shows paper charred 
where in contact with wood, 
but unburnt where in con- 
tact with brass. 


The paper, when heated, communicates heat to the surface 
immediately in contact with it. In the case of the brass the 
heat is conducted to the remote parts of the screws ; if the 
points of the screws project through the wood, these will soon 
be felt to be hot. On the other hand, wood is a bad conductor 
of heat, so that very little heat is conducted into the interior of 
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the wood. Hence the temperature of the paper over the wood 
quickly rises till charring occurs, whilst the paper in contact 
with the brass remains cool. 

It is for similar reasons that, on a frosty day, a piece of 
metal is colder to the touch than a piece of wood. 

The Davy Safety Lamp. — In order that a mixture of air 
and any inflammable gas should burn, a certain temperature, 
termed the temperature of ignition of the mixture, must be 
attained. If one end of a copper rod is introduced into a flame, 
the gases near it will be cooled, and a space surrounding the 
rod will be seen to remain dark. 

Expt. 71. — Coil a piece of copper wire, of about ^ inch diameter, 
round a rod of such a size that the coil will just enclose the flame of a 
spirit lamp. Leave a length of wire for a handle. Light a spirit lamp, 
and lower the coil axially over the flame. 

It will be seen that the alcohol vapour cannot burn inside the 
coil. When the latter has been lowered sufficiently, the flame 
goes out. 

If, on the other hand, the coil of wire is first raised to a red 
heat, it will be found that the lamp is no longer extinguished 
when the coil is lowered over the flame. 

The explanation of these experiments is simple. In the first 
case so much heat was absorbed by the wire, that the mixture 




Fig. 163.— Bunsen flame burning be- 
low, but not above, wire gauze. 


Fig. 364— Bunsen flame burning above, 
but not below, wire gauze. 


of alcohol vapour and air was cooled below its temperature of 
ignition. In the second case, the wire, being initially hot, did 
not cool the mixture to the same extent. 
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Expt. 72. — Ignite a Bunsen flame, and bring a piece of wire gauze 
down in a horizontal position over it (Fig. 183). The gauze will 
appear to crush the flame down. There will be no flame above the 
gauze unless the latter becomes very hot, when the unburnt gases above 
it will ignite. 

Expt. 73. — Place a piece of wire gauze an inch or so above an un- 
ignited Bunsen burner. Turn on the gas, and light it above the gauze. 

, It will be seen that the flame does not strike down through the gauze 
(Fig. 184). On raising the gauze, the flame diminishes in size and 
Anally disappears. 

The property possessed by wire gauze, of preventing a flame 
from passing through it, was utilised by Sir Humphry Davy in 
constructing a lamp to be used in mines where fire-damp is pre- 
valent. He used an ordinary oil lamp, of which the flame was 
surrounded by a wire gauze cylinder closed at the top by a metal 
plate (Fig. 185). Atmospheric ?ir can readily 
reach the wick of the lamp through the gauze, so 
that the burning of the lamp is not interfered 
with. On the other hand, the hot gases produced 
by the flame are cooled by the gauze, so that if it 
is placed in an inflammable mixture of gases, 
these latter cannot be sufficiently heated for 
ignition to occur. If placed in a mixture of 
fire-damp and air, these gases penetrate through 
the gauze and burn inside with a blue flame. 
The outside gases, however, are not ignited. 

If a safety lamp is burning in a chamber filled 
with fire-damp and air, and a pistol is fired in 
the immediate neighbourhood, the blue flame is 
sometimes forced through the gauze, and the 
external mixture of gases is ignited. The sudden 

safety lamp. Compression of the air, due to the report of the 
pistol, forces the hot gases through the gauze, 
without giving them time to part with their heat. This points 
to a danger in the use of safety lamps such as shown in Fig, 185. 

Physical Nature of Conduction.— When part of a sub- 
stance is heated, the molecules in the neighbourhood of the 
heated point are thrown into a state of violent agitation. If 
the substance is a solid, it is impossible for the molecules to 
mo\e through any great distances. On the other hand, when a 
molecule moving with great velocity strikes against one moving 
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more slowly, kinetic energy will be transferred from the first to 
the second molecule, which, in its turn, will communicate part 
of its acquire^ energy to other molecules ; consequently, we 
have a continual transference of energy from molecule to 
molecule. Since heat is the kinetic energy corresponding to 
the motions of the molecules of a body, we are able to form a 
clear mental picture of the process by which heat is conducted 
from place to place by conduction. It is necessary to remark, 
that during the conduction of heat from one place to another, 
all intermediate points are heated. Thus, the molecules do 
not give up all, but only a part of this newly-acquired kinetic 
energy. 

If a rod of material of uniform cross-section is heated at 
one end, the initial process of heat transmission may be 
pictured as follows. Consider any short cross-sectional 
portion of the rod; it receives heat by conduction from an 
adjacent layer, part of this heat is employed to raise its own 
temperature, a small part is radiated from the surface, and 
the rest is conducted to the next layer, where the process 
is repeated. Ultimately a stationary state will be reached 
at which each layer ceases to absorb any of the heat trans- 
mitted to it from adjacent layers. In the previous variable 
state the rate of heat transmission obviously depends not only 
on the conductivity of the material, but also on its specific 
heat. It can be shown that in the case of uniform iron and 
bismuth rods heat appears to be transmitted more rapidly 
along the bismuth than along the iron, although bismuth 
is actually the poorer conductor. This apparent anomaly 
is explained by the fact that the specific heat of iron is greater 
than that of bismuth, hence more heat is required to raise 
successive layers of iron to a given temperature than in the 
case of bismuth. When the stationary state is reached, the 
greater conductivity of the iron will be shown by the fact 
that the end of the iron rod attains a higher temperature than 
the end of the bismuth rod. The importance of allowing 
the steady state to be reached in conductivity measurements 
is thus apparent. 

We must carefully note that in our theoretical investigation 
of true conductivity we must arrange to consider only 
transmission in one direction, in which no heat losses 
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by radiation from exposed surface are supposed to be taking 
place. 

If one face of a cubical block of metal is maintained at a 
higher temperature than the opposite one, heat will pass 
through the block, and in a given time a definite quantity 
must be removed from the colder face in order that its tem- 
perature may remain constant. 

Coeflacient of Conductivity of a Substance.— Let us 
suppose that we are provided with a slab of some substance, 

very long and broad in com- 
parison with its thickness 
(Fig. 1 86) . Let us maintain 
the two opposite faces of the 
slab at different tempera- 
tures. Then heat will flow 
through the slab in the 
direction of the arrow. 
If we could examine a 
small centimetre cube, such 
as that shown in dotted 
lines, with two of its faces 
parallel to the faces of the 
slab, then we should find 
that heat enters through 
the face nearest to the high 
temperature side of the slab, 
and leaves through the 
opposite face. Heat will 
neither enter at, nor leave 
by, the other faces of the cube, since the flow of heat is parallel 
to the arrow. When a steady state has been attained, there 
will be a certain constant difference of temperature between 
the faces of the cube which are perpendicular to the arrow ; 
consequently in a given time as much heat must pass into the 
cube through one face as leaves it through the opposite face. 

It is found that the quantity of heat, H, transmitted depends 
on 

1. The material of the slab. 

2. The area of the section. A, across which heat flow 

takes place. 



Fig. i 86. — Illustrates the method of defining 
the coefl&cient of conductivity of a 
substance. 
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3. The gradient of temperature, or temperature difference 

per unit thickness, i.e. {O^ — ^1) //, where $2 and 
are the temperatures of the faces of adjacent layers 
at distance I apart. 

4. The time of flow i. 

Hence H cc A ,t — — 


The constant k is called the coeflaoient of conductivity, 
and may be defined as the quantity of heat which flows in 
unit time across unit area of a plate of unit thickness having 
imit temperature difference between its faces. 

The meaning of this definition may be made clearer by the 
aid of a numerical example. 


Example . — What is the coefficient of conductivity of a badly con- 
ducting substance upon which the following experiment was made ? A 
tin cylinder, 40 cm. in diameter and 50 cm. in length, is covered all 
over by a layer of the material in question, 0-33 cm. in thickness* 
Steam is passed through the cylinder at a temperature of 100° C., and 
the external temperature being 20° C., water is found to accumulate at 
the rate of 3 grams per minute. The latent heat of steam at 100® C, 
may be taken as 537 calories per gram. {Lond. Univ. B.Sc. Pass, 

1897.) 

Area of each end of cylinder = wr* = w x (20) ■ = 1,256 sq. cm. 

Area of curved walls of cylinder = 27r x 20 x 50 = 6,280 sq. cm. 


/, Total area covered with conducting material = 

6,280 + 2 X 1,256 = 8,792 sq. cm. 

Since — grams of water are condensed per second, the quantity of heat 
60 

passing in each second through the layer of badly conducting material = 

3 i6i*i , . 

■f- X 537 = -T- calories. 

60 o 

/. Quantity of heat passing per sec. through each sq. cm. of sur- 
face « 

i6i*i , . 

calories. 

6 X 8,792 

Difference in temperature between opposite sides of a layer of non- 
conducting material =* 100 — 20 = 80® C, 
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In passing through a layer of the material 0-33 cm. thick, the fall of 
temperature = 80° C. 


Hence 


k = ^ 161 1 o;^ 

A.tiB^-d^) 6x8,792 80 

= *0000126 = 1*26 X 10“®. 


Determination of the Conductivity of a Metal by 
Forbes’s Method. — If one end of a metal bar is heated, the 
other end remaining at the temperature of the atmosphere, heat 
will travel along the bar, and after some time the various points 
along the bar will have attained steady tern j>eratu res. In this 
case the heat entering the bar at the hot end will be entirely 
given up to the atmosphere, or radiated into space, from the 
surface of the bar. 

If we consider a part of the bar comprised between two 
planes perpendicular to its length and one centimetre apart, 
we may, if the bar is sufficiently long, neglect the heat given 
off by the surface between the planes, in comparison with that 
given off by the surface of the bar beyond them. Hence, the 



Fkj. 187- — Arrangement for measuring the coefficient of conductivity of a metal. (P.) 


sectional area of the bar being known from direct measurement, 
if we can determine the fall of temperature between the planes, 
and also the amount of heat given off from the surface of the 
bar beyond them, the coefficient of conductivity of the metal 
employed can be calculated from the formula : — 


Coefficient of conductivity = 

Heat passing through t sq. cm. of sectional a rea in i sec. 
Fall of temperature per cm. length. 


(I) 


Forbes in 1864 made two distinct sets of experiments on each 
bar, in order to determine the quantities occurring in the above 
formula: 
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I. Statical Experiments . — In these an arrangement some- 
what similar to that represented in Fig. 187 was employed, 
except that the end of the bar was heated by being inserted into 
a crucible full of fused solder, which was maintained at a con- 
stant temperature. Small holes were made in the upper surface 
of the bar, and these inclosed thermometer bulbs, surrounded with 
small quantities of mercury in order to effect a good thermal 
communication between the bulbs and the metal of the bar. 
When the thermometers indicated that the various points along 
the bar had acquired constant temperatures, these latter were 
noted, and a curve similar to Fig. 188 was drawn, indicating the 
fall of temperature along the bar. OC represents the length of 
the bar. If two points A,B, are taken, corresponding to points on 



the bar one centimetre apart, the fall of temperature per centi- 
metre length at the position in question is given by the line 

DE. . . u • . 

These experiments were termed statical.^ since each point 

of i-he bar was allowed to attain a constant temperature before 

observations were made. 

2. Dynamical Experiments.— Thehsir used in the previous ex- 
periment was heated uniformly throughout its length, and then 
supported on knife edges, and the rate of cooling was determined 
for various temperatures. These experiments were teimed 
dynamical, since the temperature was changing whilst observa- 

tions were being made. _ 

The quantity of heat given up by the bar, during a given 
interval of time in which the temperature fell by & certain 
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number of degrees^ was calculated from the experimental data, 
and the relation, 

Mass of bar x specific heat x fall of temperature = heat 
given up by the bar, in given interval of time, when at a known 
mean temperature. 

From this the heat given up by unit length of the bar in one 
second, for a given mean temperature, was calculated. A new 
curve, representing the relation between the heat given up by 
unit length of bar in one second, and various mean temperatures, 
was drawn. 

Now from Fig. iSS the mean temperature of the length BC 
of the bar can be calculated. The heat given up per second by 
the length BC for this mean temperature can be obtained by 
the aid of the curve drawn from the results of the dynamical 
experiments. 

But this quantity of heat has passed through the section of 
the bar at A. Hence, the area of the section being known, the 
heat passing through i sq. cm. at A can be found. This 

quantity is the numerator of the 
fraction on the right-hand side of 
(i). The denominator, which is 
numerically equal to the length DE, 
Fig. iSS, has already been ob- 
tained. Hence, the coefficient of 
conductivity of the substance can 
be calculated. 

Comparison of Conducti- 
vities. — Ingen-Hausz’s Ex- 
periment. 

Expt. 74. — You are provided with a 
trough furnished with apertures in its 
side, through which a number of rods 
of different metals can be fixed by 
means of corks (Fig. 189). The rods 
are of equal lengths and of equal 
circular sectional areas. They must first be coated uniformly with 
layers of paraffin wax. This can be done by dipping each in turn into a 
bowl of melted paraffin wax, withdrawing it, and rotating till the wax 
has solidified. Then fix the rods in position, fill the trough with water, 
and support it on tripod stands. Heat the water by the aid of 
Bunsen burners, a sheet of asbestos card being placed as shown 



Fig. X89.— Ingen-Hausz’s method 
of comparing conductivities 
of metal rods. 
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in Fig. 189, so as to prevent the heat of the flames from reaching the rods. 
Observe the distance from the trough to which the paraffin is melted off 
each rod when the water has been boiling for about a quarter of an hour. 

Approximate conductivities can be determined by this apparatus 
designed by Ingen-Hausz as long ago as 1789, 

Consider two rods, A and B, of length and let the respective relative 
distances that wax has melted along A and B be as » : z ; then Ha =* hHb 

{t)b^”{7)a 

H/ 

Substitute in the formula k =. ^-j^whore 0 is the temperature difference 
between the ends. 

therefore the conductivities are as the squares of the lengths along which the 
wax has melted. 

Most lecture experiments on the conductivities of metals 
occupy too much time to be very effective, and in addition are 
often somewhat uncertain in their action. The following 
arrangement ^ may be very quickly and simply put together, and 
by its aid the relative conductivities of a number of metals may 
be quantitatively determined in an interval of about a minute, 
the essential parts of the apparatus being capable of projection 
on a screen. It can also be used in the laboratory. 

Expt. 75. — A piece of brass tube, about 10 cms. in diameter and 
20 cnis. in length, is closed at one end by means of a brass disc. A 
number of holes are bored in this disc to receive rods of copper, brass, 
iron, &c., each rod being 2*5 mm. in diameter and about 15 to 20 cms. 
in length. The rods are soldeied in position perpendicular to the disc. 

Each rod is provided with a small index made from a piece of 
copper wire of about *8 mm. diameter, bent into the form shown in 
Fig. 191, a small arrow-head of blackened paper or mica being 
attached by shellac varnish. The rings forming part of each index are 
wound on a rod very slightly larger in diameter than the experimental 
xods. 

To start with, the brass vessel is inverted, an index is slipped on each 
rod, the single ring (Fig. 19 1) being left in contact with the disc, and a 
very small amount of paraffin wax is melted round the rings. When 
ithe vessel is supported with the rods downwards, as in Fig. 190, the 

1 “ A Lecture Experiment on the Relative Thermal Conductivities s>f Various 
Metals. "->Ed win Baser, Nature^ July 13, 1899. 
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solid wax holds the indexes in position. The aiiangement is then 
supported between the condenser and the focussing lens of the lantern, 
and boiling water is poured into the brass vessel. When that part of a 
metal rod in the neighbourhood of the double ring of the index reaches 
the melting temperature of the wax, the index commences to slip 
downwards, carrying the wax with it, and when the temperatures of 
the rods have acquired steady values, the indexes will have descended 
to points on the various rods where the wax just solidifies, and which, 





Fig. xqo. — Arrangement for determining the rela- Fig. 191. — Enlarged 
tive thermal conductivities of metal rods. (The view of index, 

left-hand rod is of copper, the middle one of 
brass, and the right-hand one of soft steel.) 

therefore, possess equal temperatures. Hence the conductivities of the 
various rods are proportional to the squares of the distances from the 
bottom of the brass vessel to the positions indicated by the several 
arrow-heads. 

A scale of equal parts, or better still, a scale of squares, may be 
drawn on the screen, when the relative conductivities may be directly 
read off. 

In Fig. 1 00, rods of copper, brass, and soft steel are shown 
with the indexes in the positions acquired at the end of an 
experiment. It will be seen that the relative conductivities 
work out to within three or four per cent, of the accepted values 
for the mean conductivities between o° and ioo°. 
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Table of Heat Conductivities of Various Substances. 


Substance. 

Mean 

Tempera- 

ture. 

Coefficient 

of 

Conduc- 

tivity. 

Substance. 

Coefficient 

of 

Conduc- 

tivity. 

Aluminium . . 

r 0“ 

0*343 

Clay Slate . 

0*00272 

\ 100° 

/ 0° 

0-362 

Granite . P™™ 

0-00510 

Antimony . . . 

0-0442 

1 to 

0-00550 

i 100“ 

00396 

Marble . 

0-00470 

Bismuth .... 

\ 100 

00177 

0-0164 

\ to 
Sand (white, dry) 

0-00560 

0*00093 

Brass (yellow) . 

1 

\ 100 

0-2041 

02540 

Serpentine . 
Snow, in com- 

0*00441 

Cadmium . . . 

1 °° 

1 100 

0220 

0-245 

pact layers 
Plaster of Paris . 

0-00051 

0-0013 

Copper .... 

1 0^ 

0-7189 

Pasteboard . 

0*00045 

f 100° 

0-7226 

Vulcanised "I from 

0-00034 

Iron 

/ 0“ 

\ loo'* 

0166 

0-163 

Rubber . / to 
Wood, Kir — 

0-00054 

Lead 

( 

0-0S36 

Along the grain 

0-0003 

1 100 

0-0764 

Across the grain 

0-00009 

Mercury .... 

{ 5 ? 

0-0148 

0-0189 

Wax (bees’). 

Water . . . 

0 00009 
0*00136 

Silver 

0“ 

0-960 

Glass .... 

0-0017 

Tin 

Zinc 

I 

\ 100 

0° 

0-1528 

0-1423 

0-303 

Flannel . . 

0-00003 


From the above table it is seen that the conductivity of a 
metal varies with the temperature. Thus, if a slab of copper 
I cm. thick is maintained with one face at lOK C., and the other 
at too® C., 0-7226 calories will be transmitted in a second 
through each square centimetre of area. On the other hand, if 
the temperatures of the faces are maintained at 1° C. and o® 
C. respectively, 0-7189 calories will be transmitted in a second 
through each square centimetre of area. 

Temperature Waves. — If a slab of metal, initially at a 
uniform temperature throughout, has the temperature of one of 
its faces suddenly raised, a wave of increasing temperature will 
travel through the slab. The rate at which this temperature 
wave travels is no measure of the conductivity of the substance. 
In order to determine the latter quantity, the specific heat of 
the substance must be known, so that the quantity of heat 
which travels through a given area in a certain time may be 
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calculated. Thus Prof. Tyndall showed that a temperature 
wave travels faster in bismuth than in iron, although the con- 
ductivity of iron is nearly ten times as great as that of bismuth. 

The rate at which a temperature wave travels in a substance 
is a measure of what has been termed the diffusivity of tem- 
perature (Kelvin), or the thermometric conductivity (Maxwell) 
of the substance. 

Terrestrial Phenomena and the Age of the Earth.— 
During the daytime the surface of the earth is heated, and a 
wave of temperature travels into the interior. These diurnal 
waves reach, on an average, only to a depth of about 3 feet. 
The mean temperature of the surface of the earth is higher 
in summer than in winter. Consequently, annual waves of tem- 
perature also travel into the interior of the earth. 

The rate at which these waves travel has been determined 
from observations of the annual and diurnal variations of tem- 
perature at different depths in borings. From these, combined 
with a knowledge of the mean specific heat of the earth’s crust. 
Lord Kelvin calculated the heat conductivity of the latter. 

In descending to great depths into the interior of the earth, 
the temperature steadily rises by about 1° C, for every 108 feet 
of descent. Hence heat must be steadily travelling from the 
interior to the surface of the earth. From the rate at which 
heat is at present being lost by the earth. Lord Kelvin 
estimated that 200,000,000 years have elapsed since the earth 
was in a molten condition, with a thin solid crust. 

The fact that the interior of the earth is still very hot, does 
not prove that there is still a molten core. Most of tlie sub- 
stances composing the earth's crust contract on solidifying. 
Hence, the enormous pressure near the centre of the earth 
may suffice to maintain them in a solid condition (pp. 176 
and 366). 

Conductivity of Crystals. — ^Many crystals are aolotropic 
(p. 63) as regards heat conductivity. Thus, the conductivity 
of such a crystal will depend on the direction of transmission of 
heat. Fig. 192 represents the method used by de Senarmont, in 
1847, to determine the relative conductivities in various direc- 
tions in a crystal. A thin plate of the crystal was cut, and a hole 
bored through its centre. One surface of the crystal was coated 
with a thin layer of white wax. A piece of copper wire was 
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inserted through the hole, and the plate having been placed in 
a horizontal position, a point on the wire was heated. 

The heat travelled along the wire, and pail was finally com- 
municated to the crystal. This travelled outwards from the 



Fig. 192.— De Senarmont's method of determining the thermal conductivities of 
crystals. (P.) 

wire, and the square of the distance in any direction to which 
the wax was melted was taken as proportional to the conduc- 
tivity in that direction. (Compare with Ingen-Hausz*s method, 
p. 424.) The wax was generally melted over an elliptical or 
egg-shaped area. 

Expt. 76. — Substitute a piece of wood about J-inch thick, cut 
parallel to the grain, for the crystal in Fig. 192. Coat the upper sur- 
face with paraffin wax, and determine, in the manner described above, 
the ratio of the thermal conductivities of wood, along and perpendicular 
to the grain respectively. 

More recently Lees has attacked the same problem by 
placing a plate of a crystal between two parts of a metal bar, 
one end of the compound bar being maintained at a constant 
high temperature. The conductivity could then be deter- 
mined by Forbes's method (p. 416). 

Conductivity of Liquids. — In order to determine the 
conductivity of a liquid, special precautions must be taken to 
avoid the production of convection currents. Hence, in general, 
the liquid must be heated from above, so that the only method 
of transmission of heat downwards is by means of molecular 
exchanges. 

Expt. 77. — Take two long test-tubes and nearly fill these with water. 
Float a small piece of ice on the surface of the water in one tube, and 
sink a piece of ice of a similar magnitude to the bottom of the other by 
the aid of a small lead weight. • 
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Heat the test-tube, in which the ice floats, from the bottom. The 
ice will quickly melt, owing to the convection of heat from below 
upwards by the water. 

Now hold the other test-tube in a slightly inclined position and heat 
it at a point just below the surface of the water. It will be found that 
the water soon boils on the surface, whilst the ice remains almost 
unaffected at the bottom of the tube. 

The above experiment shows that water is a very bad con- 
ductor of heat. Most liquids (with the exception of mercury 
and molten metals generally) are bad conductors of heat. 

Determination of the Coefficient of Conductivity 
of a Liquid — Despretz’s Method. — This method is a modi- 
fication of the bar method of obtaining the coefficient of con- 
ductivity of a solid. 

A cylindrical wooden vessel B, Fig. 193, about a metre in 
length and 20 cm. in diameter, was furnished with a number of 



Fig. 193 — Despretz’s method of determining the conductivity of water (P.) 

apertures down one side ; through these thermometers were in- 
serted. The vessel was filled with the liquid to be examined. 
This was first allowed to acquire a uniform temperature 
throughout, and then hot water was poured into a shallow 
copper vessel A at the top of the cylinder. The hot water was 
renewed every five minutes. Observations of the various ther- 
mometers showed that a heat wave travelled slowly down the 
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vessel, just as in the case of a metal bar heated at one end. 
When the thermometers indicated that a constant state had 
been acquired (which was generally after thirty-six to forty 
hours), the temperatures indicated by the various thermometers 
were noted. 

Various liquids were treated in this manner, the hot water in 
A being in each case at the same temperature. The respective 
conductivities were proportional to the squares of the distances 
downwards from the copper vessel corresponding to a given 
fall of temperature. (Compare with the result of Ingen-Hausz’s 
experiment.) 

Bottoniley*S Method. — The above arrangement was modi- 
fied by Bottomley, two sensitive thermometers placed horizon- 
tally one above the other at a small distance apart being em- 
ployed to determine the fall of temperature per centimetre length 
near the top of the vessel, whilst the average temperature of 
the water below that point was indicated by a thermometer with 
a sufficiently long bulb. From successive readings of the latter 
thermometer the quantity of heat which passed through the 
section near the top of the cylinder in one second could be 
calculated. The vessel A was dispensed with, hot water being 
poured in a slow stream on to a small wooden float, and with- 
drawn at an aperture suitably placed after it had spread over 
the surface of the water B, without, how'ever, mixing with it. 
The conductivity C was calculated from the formula : — 

C = Heat p a ssing throu gh unit area in one second 
Fall of temperature per cm. at section. 

For water, the value found was C = o'oo3. 

Numerous other experiments have been performed, for a 
description of which the student is referred to Preston’s Heat^ 
Chap. VII. Section II. As a general rule, the results obtained 
cannot be considered to be so accurate as those obtained in the 
case of solids. 

Conductivity of Gases.— The difficulty of determining 
the coefficient of conductivity of a gas is enormously greater 
than in the case of a liquid. In the case of a gas, we have 
not only convection currents to consider, but errors due to 
radiation must be provided against. Energy may be propagated 
through a gas by any or all of the following methods 
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1. Conduction^ i.e.^ transfer of energy from molecule to mole- 
cule without the production of convection currents. Thermal 
changes produced in this manner are very small in magnitude. 

2. Convection^ i.e., transfer of heat by the bodily motion of 
large quantities of heated gas. On the earth such transfers 
constitute winds, and the rapid variations of temperature often 
cjcperienced in England when the wind changes, give a suffi- 
ciently good idea of the magnitude of the results so produced. 

3. Radiation,^ transfer of energy in the form of waves in 
the luminiferous ether. In this case the gas molecules, among 
which the radiation passes, are themselves unaffected, just as 
the radiation from the sun passes through the atmosphere, with- 
out appreciably altering the temperature of the latter. If, how- 
ever, the radiation falls on the bulb of a thermometer, the latter 
will be heated, the effect being the same as if the heat had been 
communicated by the surrounding gas at a high temperature. 

As a consequence the most stringent precautions are neces- 
sary in experiments on the conductivity of gases. The method 
which has, up to the present, proved most satisfactory is to deter- 
mine the rate of cooling of a thermometer bulb, first in a vacuum, 
and then in the gas in question. In order to eliminate convec- 
tion currents, the pressure of the gas is reduced. The conduc- 
tivity is independent of the pressure of the gas, unless this 
becomes so small that the mean free path of the molecules is com- 
parable with the dimensions of the containing vessel. When the 
latter stage of exhaustion is reached, a sudden fall in conduc- 
tivity ensues. It is for this reason that Dewar's vacuum 
vessels have proved so valuable in preserving liquefied gases. 

The value deduced by Stefan for the conductivity of air, is 
o‘oooo 56 , which is less than one ten-thousandth of the conduc- 
tivity of copper. 

The conductivity of hydrogen is seven times as great as that 
of air. This is due to the fact that, at a given temperature, a 
hydrogen molecule is moving more quickly than the average 
velocity of the molecules composing air. {See Chap. XIII.) 

Effects of Conduction in Gases.— If a piece of fine 
platinum wire, through which an electric current is passed, 
is placed in a glass tube, as in Fig. 194 , when the tube is ex- 
hausted of air the wire glows brightly. On admitting air the 
wire becomes dull, owing to the fact that heat is rapidly carried 
away frem it by the air. If the tube is again exhausted, and 
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then filled with hydrogen, the effect is still greater ; it is then 
extremely difficult to make the wire luminous. 

Electric glow lamps are exhausted as per- 
fectly as possible, in order that energy should 
not be carried away from the filament by any 
inclosed gas. If a small fracture is made in 
a glow lamp surrounded by an explosive mix- 
ture of oxygen and hydrogen, no explosion will 
occur. The gas conducts the heat away from 
the filament so quickly that the temperature of 
the latter falls below the temperature of ignition 
of the mixture of gases. For this reason glow 
lamps can be safely used in mines where fire- 
damp is prevalent. 

Summary. 

Convection of Heat. — When heat is carried 
from one place to another by the motion of finite 
parts of a substance, the process is termed convection. 

Conduction of Heat. — When heat is propagated 
from one part of a body to another without the occur- 
rence of motion in any finite part or parts of the body, 
intermediate points being thereby warmed, the process 
is termed conduction. 

Coefficient of Thermal Conduction of a Sub- p,G. i94._Method 
stance. — This is defined as the quantity of heat effects the 

which passes through unit area in one second, divided conductivity of 

by the fall of temperature per centimetre length normal a gas. (P.) 

to that surface. 

Forbes determined the conductivity of metals by heating a bar at 
one end, and determining the temperature at different points when these 
acquired constant values, and subsequently observing the rate of cooling 
of the bar when uniformly heated. 

If different bars of similar sectional areas are coated with wax, and have 
their ends maintained at uniformly high temperatures, the conductivities 
of the bars are proportional to the squares of the distances through which 
the wax is ultimately melted. 

The Conductivities of Liquids have been determined by heating 
the surface of the liquids and using a modification of Forbes’s method. 

Water is a very bad Conductor of Heat. 

The Conductivities of Gases have been determined by ob- 
serving the rate of cooling of a body when surrounded by different 
gases in a rarefied condition. • 
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Questions on Chapter XX. 

(1) A rod heated at one end has reached a steady state of tempera- 
ture, and the curve of temperature is known. The rate of loss of heat 
of the surface for different temperatures is also known. Show how to 
determine the conductivity of the rod from these data. 

(2) Give an account of experiments on the conduction of heat in 
crystals, and discuss the results obtained. 

(3) Describe a method of measuring the thermal conductivity of a bar 
of iron, and indicate clearly how to calculate the conductivity of the 
metal from your observations. 

(4) Give an experiment which shows that metals are good conductors, 
and that wood is a bad conductor of heat. 

How many gram-degrees of heat will be conducted in an hour 
through each square centimetre of an iron plate 3 centimetres thick, its 
two sides being kept at the respective temperatures of 50” C. and 
200* C., the mean specific thermal conductivity of iron between these 
temperatures being 0*12? 

(5) Describe a method of determining the thermal conductivity of a 
metal bar. 

(6) Define thermal conductivity. A metal vessel, i square metre in 
area, and whose sides are O' 5 cm. thick, is filled with melting ice, and 
is kept surrounded by water at 100® C. How much ice will be melted 
in an hour ? The conductivity of the metal is 0 02, and the latent heat 
of fusion of ice 80. 

(7) Describe experiments which have been made to determine the 
conductivity of iron bars. 

A quantity of water is maintained at lOO** in a closed iron tank by 
passing steam into it. If the quantity of steam is 100 grams per 
second, and if the area of the tank is 6 metres, the thickness of the iron 
0'4 cm., and its conductivity 0*2, find the temperature difference 
between the inside and the outside of the iron. 

(8) Some ice is to be kept as long as possible in a warm room. 
Describe, and give reason for, the construction of a suitable box. 

(9) Describe the Davy safety lamp. What thermal principles are 
applied in its construction ? 

(10) Define the coefficient of conductivity for heat. What is the co- 
efficient of conductivity of a badly conducting substance upon which the 
following experiment was made ? A tin cylinder, 40 cm. in diameter and 
50 cm. in length, is covered all over by a layer of the material 0'33 cn-. 
in thickness. Steam is passed through the cylinder at a temperature of 
100® C., and the external temperature being 20® C, water is found to 
accumulate at the rate of 3 grams per minute. The latent heat of steam 
at 100® may be taken as 537 gram-calories per gram. 
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THE QUANTUM THEORY. RADIATION 

Every one is familiar with the fact, that when the surface of 
a body is illuminated for some time by a ray of sunlight, the 
temperature of the body is raised. It may be shown that the 
sun is the only ultimate source of heat which is of much 
importance to us on the earth. It has often been pointed out 
that the heat obtained from burning coal is derived from 
energy originally stored up under the action of sunlight by 
the plants from which coal was formed. With the exception 
of the heat transmitted from the hot interior of the earth, and 
the small amount of heat which might be obtained by burning 
the metals which occur in an uncombined state in the earth's 
crust, we are entirely dependent on the heat which is derived, 
either directly or indirectly, from the sun. 

How then is this heat communicated to the earth at a 
distance of 90,000,000 miles from the sun ? It does not travel 
from the sun to the earth in the form of heat energy 
possessed by vibrating material molecules), since the space 
intervening between the sun and the earth is free from matter. 
The problem has been debated for centuries, and is by no 
means fully solved even at the present day. In connection 
with the study of radiation, it has led to the introduction of 
what is known as the Quantum Theory, a fundamental principle 
which has revolutionised theoretical physics. Since the human 
mind could not conceive of energy being transmitted through 
nothing, and since considerations of mechanics seemed to 
demand some sort of medium for the transmission of radiant 
energy, the notion of a luminiferous ether, pervading all space, 
was evolved. This notion was introduced by Faraday to 
account for the propagation of electrical and magnetic forces, 
and was later adopted by Maxwell, who in a series of brilliant 
theoretical researches demonstrated the identity of light and 
electromagnetic disturbances. It is, however, probably safe 
to say that in the long run the assumption of an ether has 
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done fax more harm than good, and has resulted in endless 
confusion and contradictions. It was soon found that this 
hjrpothetical ether must possess apparently mutually exclusive 
properties ; morever it has not been possible to demonstrate 
its existence by the most elaborate and far-seeing experiments. 
The present position of the problem will be indicated in due 
course, though in the early part of this chapter we shall find 
it convenient to refer to radiation as “ waves." 

Expt. 78. — Heat the end of a poker to redness, and throw the 
shadow of the poker on a white screen by means of an arc lamp (with- 
out a lens) or a small acetylene burner. Hot air will be seen to be 
streaming upwards from the poker, thus constituting convection currents. 
The air below the poker will be seen to be at rest. Nevertheless, if 
you place your hand a few inches below the poker, a sensation of heat 
will be immediately experienced. 

In the foregoing experiment, no appreciable amount of heat 
could have been transmitted to the hand by conduction, since 
we have already learnt that temperature waves travel through 
a gas very slowly. 

‘The heat generated in the skin of the hand was due to the 
absorption of waves, similar in many respects to those which, 
on reaching the eye, produce a sensation of light, and render 
the hot poker visible in a dark room. 

** Radiant Heat.” — ^When the poker, in the above experi- 
ment, has so far cooled that it is no longer luminous, a sensation 
of heat is still experienced if the hand is placed at some dis- 
tance beneath it. Hence some waves, the absorption of which 
produces heat, are not capable of producing the sensation of 
light. I 

The term " radiant heat ” has been applied to those non- 
luminous waves which, when absorbed by a body, raise the 
temperature of the latter. It must be remembered, however, 
that whilst passing through space, these waves are not associated 
with the motions of material molecules, and do not, therefore, 
strictly speaking, constitute heat, “ Thermal radiation ” would 
be a better title for this method of transmission of energy. 

Methods of Detecting Thermal Radiations.— If sun- 
light, or the radiation from a piece of heated metal, is allowed 
to fall on the bulb of an ordinary mercury thermometer, a rise 
of temperature will be indicated. If the bulb i^ coated with a 
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layer of dead black paint,* the rise of temperature will be much 
increased. 

A form of Leslies differential air thermometer^ which may be 
easily and cheaply constructed, is shown in Fig. 195. Two 
round-bottomed flasks are provided with sound corks, each 
pierced to admit two glass tubes, bent as shown in the figure. 
The shorter glass tube is, in each case, fitted with a piece of 
india-rubber tubing, which 
can be closed by a piece of 
glass rod. The longer glass 
tubes are connected, by 
means of pieces of india- 
rubber tubing, to the ends 
of a glass manometer tube 
containing some coloured 
water. If the flasks are 
supported in the manner in- 
dicated in Fig. 195, they can 
be used hanging down, as 




Fig. 196. — Ether 
theimoscope. 


shown, or Fig. 195.— Leslie’s differential air 

,, thermometer. 

they may be 

rotated into an erect position, similar to that 
indicated in Fig. 202. The flasks should be 
coated on their external surfaces with dead 


black paint. 

Fig. 196 represents a comparatively sensitive 
arrangement for detecting thermal radiations. 
It consists of two bulbs, connected by means of 


a glass tube, the internal space, which contains 
a quantity of coloured ether, being exhausted 
of air. The liquid ether acts as a pressure 
indicator, whilst its vapour fills the two bulbs. 
The lower bulb is blackened, and when radia- 


tions axe absorbed by it, a large expansion of 


the ether vapour is produced. 

Thermal radiations may also be detected and 
measured by allowing them to fall on one face of 


I Dead black paint may be made by mixing lamp black with alcohol, in which a 
small amount of shellac has been dissolved. Sufficient shellac should be used to render 
the paint adhesive to glass, but not enough to produce a glossy black surface. 
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a thermopile, the other face being maintained at a constant 
temperature by being covered with a brass cap. The necessary 
electrical arrangements have been indicated in Chap. XIX. 

Langley's bolometer and Boys's radio-micrometer afford 
still more delicate means of detecting thermal radiations. 
Properties of Thermal Radiations. 

(1) Thermal radiations can he transmitted through a 
vacuum , — ^This was proved by Sir Humphry Davy, 
who placed a black bhlb thermometer at some distance 
from a spiral of platinum wire which could be heated to red- 
ness by an electric current, and enclosed both in a vessel which 
was afterwards freed from air. When the platinum wire was 
heated, the black bulb thermometer indicated a similar rise of 
temperature to that which occurred when the vessel was full 
of air. 

(2) Thermal radiations are transmitted in straight lines^ like 
beams of light, 

Expt. 79. — Coat one side of a sheet of tinfoil with paraffin wax, and 
the other with dead black paint. Cut a star-shaped aperture from 
another sheet of tinfoil, and hang the two sheets vertically and parallel 
to each other at a distance of 2 or 3 inches apart, the blackened surface 
of the first sheet being on the inside. Heat an iron ball to a white heat, 
and support tiiis so that part of the radiations emitted can pass through 
the star-shaped aperture and fall on the blackened surface of the first 
sheet. 

After a few minutes the paraffin wax will be seen to be melted 
over a star-shaped area, corresponding to the aperture cut in 
the second sheet of tinfoil. The sharpness of the edges will 
depend on the size of the iron ball used, and the distance 
from the aperture at which it is placed ; just as the sharpness 
of the shadow of an object depends on the size and position of 
the source of light. 

(3) Thermal radiations are reflected from polished metallic sur- 
faces^ and obey the same laws as light. 

Expt. 80.— Two tin-plate tubes, of about 3 inches diameter and 30 
inches long, together with a sheet of polished tin-plate supported in a 
vertical plane on a suitable stand {see R, Fig. 197), are required for this 
experiment, in addition to the iron ball B and the ether thermoscope T. 
Support the lubes in a horizontal plane, so that they are inclined to 
each other at about 120”, as shown in Fig. ii.'?. Place the heated ball 
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and the thermoscope in position, the sheet of tin-plate R being removed. 
No appreciable effect will be produced on the thermoscope. Now place 
the sheet of tin-plate R in position, and rotate it till the thermoscope 
shows the greatest effect. This will occur when the two tubes are 
equally inclined on opposite sides of the normal to R. 

Expt. 8i. — Obtain two concave metal mirrors, and support these 
facing each other at about a metre apart. Place the iron ball, heated 
to redness, at the principal focus of one mirror, and the black bulb of 
the ether thermoscope at the principal focus of the other. 

It will be found that the ether thermoscope indicates a considerable 
rise of temperature when it is placed at the focus, but that when it is 
moved away from that point through a short distance, the temperature 
falls to its normal value. 



Fig. 197. — Arrangement for examining llie law of reflection of thermal radiation. 


(4) Thermal Radiations can be Refracted.— \i a continuous 
spectrum is formed in the usual way, using a prism to analyse 
sun-light, and various parts of the spectrum are successively 
thrown on the blackened face of a thermopile, or, better still, on 
the small blackened copper disc of Boys’s radio-micrometer 
(p, 4 '^3'', various thermal effects will be indicated. Starting at 
the violet end of the spectrum, a very small heating effect will 
be observed. Proceeding toward the red end of the spectrum, 
the heating effect becomes greater and greater. When the 
limits of the visible spectrum arc reached, a considerable heating 
effect is indicated, and in proceeding beyond this limit the 
effect becomes greater still. 

In performing an experiment such as the above, it must be 
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remembered that a substance which is transparent to one part 
of the spectrum, may be partially or totally opaque to another 
part of it. Thus, a solution of magenta (or fuchsine) in 
alcohol is transparent to red light, but is opaque to the green 
and blue part of the spectrum. Similarly glass, which is trans- 
parent to those rays which are capable of exciting a sensation of 
light, is opaque to that part of the spectrum which extends beyond 
the red limit of the visible spectrum, and which produces the 
greatest heating effect. Hence, when experiments are to be 
performed with regard to the infra-red spectrum, a prism of 
rock-salt, or sylvine (a crystalline variety of potassium chloride, 
possessing properties similar to those of rock salt), is used. 
These substances are transparent to the greater part of the 
infra-red spectrum. 

It has been found that if the radiation from a vessel filled with 
boiling water is analysed by means of a prism of one of the 
above substances, and examined by the aid of a radio-micrometer 
or a bolometer (pp. 403 and 397), such radiations are found to be 
deviated to a smaller extent than red light* would be. It is 
proved, in works on Light, that blue light, which consists of 
radiations of short wave-length, is deviated by a' prism to a 
greater extent than red light, which comprises radiations of 
longer wave-length. 

Hence^ since non-luminous thermal radiations are deviated 
still less than red lights we conclude that such radiations consist 
of very long %vaves. 

It must not be concluded that hot bodies alone emit thermal 
radiations. Langley has been able to measure the radiation 
emitted by ice, and by a still colder body, the moon. Indeed, 
the only condition in which a body would be incapable of emit- 
ting radiations, would correspond to its existence at the absolute 
zero of temperature. In this condition its constituent molecules 
would be absolutely quiescent, and consequently incapable of 
emitting radiations. 

If a white-hot body is gradually cooled, after a time the light 
emitted becomes red, and then vanishes. Thermal radiations 
are, however, still emitted. Conversely, as a body is heated, 
radiations of shorter wave-lengths are emitted. 

In order that a body should emit pure white light, it must be 
heated to about the temperatureof melted platinum. This is about 
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the temperature to which the carbon filaments in electric glow- 
lamps are raised. 

(5) Thermal radiations can be polarised . — ^It is also proved in 
works on Light, that the vibrations which constitute a light 
wave are performed in a plane at right angles to the direction 
of propagation, i.e., at right angles to the ray of light. The 
waves are said to be ** transverse,** as opposed to those which 
are produced by vibrations in the direction of propagation 
and whicli are said to be longitudinal.** In a ray of light 
emitted from a candle, vibrations take place in all directions at 
right angles to the ray. This is indicated in Fig. 198 by the 
double arrows at right angles to each other. 



Fig. io8- — Isometric projection of arrangement for showing the polarisation and 
extinction of light by reflection. 

When a ray of light is reflected from a mirror, the plane con- 
taining the ray and the normal to the mirror at the point of 
incidence is called the plane of incidence. 

Now it is found that if a ray of light is reflected, at a certain 
angle, from a sheet of blackened glass, only those vibrations 
which are perpendicular to the plane of incidence are ftflected. 
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This is indicated in Fig. 198 by the double arrow representing 
the single direction of vibration in the reflected ray. It is easily 
seen that these vibrations are parallel to the surface of the 
mirror. Those vibrations which, as it were, cut into the glass, are 
absorbed. The ray of light, which now only possesses vibra- 
tions parallel to a certain direction, is said to be polarised by 
reflection. 

If this ray falls on a second mirror of black glass, at an equal 
angle of incidence, those vibrations which are in the plane of 
incidence will not be reflected. If the second mirror is arranged, 
as in rig. so that the vibrations of the polarised ray are in 
the plane of incidence, and therefore cut into the glass, an eye 
placed as shown will be unable to see an image of the candle 
flame. The light has been polarised by reflection from the first 
mirror, and extinguished by reflection from the second 
mirror. 

If, now, a hot body is substituted for the candle flame, and a 
radio-mi crometer for the eye in Fig. 198, it is found that the 
thermal radiations are extinguished in a similar manner. If the 
inclinations of the mirrors to the horizon are altered by a few 
degrees, it is found that thermal radiations now reach the radio- 
micrometer. In similar circumstances the image of the candle 
flame could be perceived by the eye. Hence, thermal radiations 
can be polarised like light waves. 

(6) Thermal radiations arc propagated in space with a 
velocity equal to that of light . — This has been proved by 
observing that when a total eclipse of the sun occurs, thermal 
radiations cease to reach the earth at the instant when the 
light is extinguished. 

Finally, we see that we must consider non-luminous thermal 
radiations (or radiant heat) to consist of vibrations of the ether 
similar in every respect to light waves, except that the length 
of a wave is greater. Consequently, with an eye suitably con- 
stituted, we should be able, for instance, to see a person in 
a perfectly dark room, by virtue of the radiations emitted from 
his body. 

It is possible that animals which seek for their food in the 
night-time actually possess this capacity for perceiving objects 
by virtue of the thermal radiations emitted. 

(7) Law of Inverse Squares. — The heat produced per 
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sec^, at a surface of given area, by the absorption of thermal 
radtations emitted by a body at a constant temperature is 
inversely proportional to the square of the distance between the 
body afid ths absovbing suyface^ 

This can be proved by placing an electric glow-lamp at 
various distances from one face of a thermopile, and observing 
the galvanometer deflections produced. These deflections will 
be nearly proportional to the rate of absorption of thermal 
radiations, or to the heat thus produced. The face of the 
thermopile used to absorb the radiations should be shielded 
from air currents by means of a conical reflector (Fig. 176) ; 
the other face should be covered by a brass cap. If the outer 
surface of the glow-lamp is coated with dead black paint, a 
better result will be obtained. 

The law above enunciated will be found not to hold when 
the distance between the lamp and the thermopile is madfe so 
small as to be comparable with the linear dimensions of the 
lamp. 


"Wave Theory of Radiation. — The properties which we 
have considered for thermal radiation, t.e. reflection, refrac- 
tion and polarisation, with the addition of the inverse square 
law of propagation at the speed of light are very strong 
evidence that radiation is in the nature of waves. This is 
further supported by the phenomena of interference and 
diffraction. It is well known that if two transverse wave 
motions in a material medium, such as waves on the surface 


of water or mercury, interfere m such a way that the crest of 
one wave is superposed on the trough of another the two 
neutralise each other. The same effect has been found for 
light. It has been shown that light travels in straight lines 
and does not bend round comers , and this is true only on 
account of the fact that the distances considered are so 
great compared with the wave-length of the light. But such 
waves do, in fact, curl round comers, though the light waves 
and the results are on so small a scale that the effect can be 
observed only under special conditions. When light from a 
sodium flame passes successively through two very fine slits 
and is then allowed to fall on a screen, a series of fine dark and 
light lines are observed, tlie dark lines being caused by the 
neutralisation of wave crests and troughs. Similar diffraction 
effects are produced by the interference of waves deflected 
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into slightly different paths round the edges of very fine 
obstacles or obstructions. 

It is now known that radiant heat and light constitute only 
a small section of a very wide range of electromagnetic waves 
differing onjy in wave-length, but capable of producing 
different effects. The invisible radiant heat waves give the 
sensation of warmth ; the eye is capable of appreciating the 
efiect of a certain small range of waves constituting visible 
light; beyond this the ultra-violet and -Y-rays produce 
various characteristic effects. It must be emphasised that 
light, or any electromagnetic wave, is itself invisible, and it is 
only by its effect on matter that it can be appreciated. Seeing 
is a purely physiological process, the eye being constituted 
sensitive to the effect of certain wave-lengths, and there is no 
fundamental reason, apart from this constitution of the eye, 
why the invisible spectrum cannot be seen. A thermopile 
may be regarded as an eye capable of detecting heat radiation, 
and a sensitive photographic plate as an eye capable of register- 
ing the effect of radiations beyond the range of the human 
eye. There is no sharp division in Nature between any of 
these waves. 

Constitution of the Spectrum. — In some of the older 
text-books, it may be found stated that the spectrum consists 
of non-luminous actinic rays of short wave-length, of luminous 
rays of longer wave-length, and of thermal or dark heat waves 
of still greater wave-length. This classification is, however, 
essentially arbitrary. All rays of the spectrum are capable of 
producing chemical changes in certain substances. The ultra- 
violet waves were termed actinic on account of the accidental 
circumstance that these waves are very active in causing the 
blackening of silver chloride and silver bromide. On the other 
hand, it is yellowish-green light which is active in promoting 
the decomposition of carbon dioxide, effected by the chloro- 
phyll in the leaves of plants; photographic plates, as men- 
tioned above, can be obtained which are sensitive to non- 
luminous thermal radiations, so that a kettle of boiling water 
might be photographed in a dark room. 

Further, the absorption of light of any wave-length is 
capable of raising the temperature of the absorbing body. 

Fig. 199 shows the luminosity, the heating capacity, and the 
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chemical activity (in regard to silver salts) of various parts of 
the solar spectrum. The form of the luminosity curve depends 
on the nature of our eyes, and the chemical activity will vary 
with the nature of the chemical compound acted upon. The 
curve of heat rays,” however, represents a definite physical 
property of sunlight. It represents the energy of the vibra- 
tions of various wave-lengths. 

Diathermancy. — When non-luminous radiation is inci- 
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Fic.. 199. -Thermal, luminous, and dicmicjil properties of different parts of the 
solar spectrum. 


dent on the surface of a medium it may be apportioned as 
follows : — 


1. Regularly reflected at the surface (r). 

2. Irregularly reflected or diffused owing to roughness of 

the surface (d). 

3. Refracted into the medium where it may be 

(i) absorbed (a), or (ii) transmitted (/). 

Then for a total quantity of radiation Q 

For unit quantity of radiation, Q = i ; thus, if any one of 
the quantities y, d, a, or t is large, the others must be corre- 
spondingly small. Hence a good reflector will be a bad 
absorber or transmitter. In the case of a rough surface d will 
be large and reflection and transmission small, or if t is large 
as for a substance transparent to heat, reflection and diffusion 
will be small. For a given substance^ however, these pio- 
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parties vary with the wave-length of the radiation considered, 
as will be seen below. 

A substance which transmits radiations of a certain wave- 
length is said to be diathermanous for those radiations. 
A substance which absorbs radiations of a particular 
wave-length is said to be adiathermanous for those radia- 
tions. 

An interesting example of the selective absorption (absorp- 
tion of radiations of a particular wave-length) is furnished in 
the case of glass. A ray of sunlight is only slightly affected by 
passing through a sheet of glass, and the glass is scarcely 
heated. On the other hand, the use of glass for fire-screens 
shows that the radiations emitted by glowing coal are plenti- 
fully absorbed by glass. Further, a sheet of glass, after being 
held in front of a fire for a few minutes, becomes unpleasantly 
hot to the touch. 

Some substances (e.g., lamp-black) are generally adia- 
thermanous, that is, they absorb radiations of all wave- 
lengths. 

No substance, however, exhibits any one of the above 
properties to the exclusion of all the others. Lamp-black 
absorbs about 96% of the radiation incident upon it. Rock- 
salt is highly diathermanous, and transmits about 90% of 
incident heat radiation. 

Much interesting work has been performed in relation to 
the diathermancy of various substances. 

It will be proved later that the nature of the radiations 
emitted by a body depends on the character of the surface, and 
also on its temperature. Consequently much of the earlier 
work respecting diathermancy must be taken as referring to 
radiations emitted by a certain surface, maintained at a 
specified temperature. 

Mellonrs Experiments. — Fig.200 represents the apparatus 
used by Melloni, set up, however, to determine the laws of 
reflection of thermal radiations. A is a lamp with a reflector, 
C is a screen with a circular aperture, D is a table carrying a 
mirror, silvered and polished on its front surface, and E is a 
thermopile. The double screen B is removed during the course 
of an experiment. Another screen intercepts direct radiations 
from the lamp to the thermopile. 
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When investigating diathermancy, the mirror D was replaced 
by the thermopile E. The double screen B being removed, 
radiations passed from the lamp or other source through the 
aperture in C, and finally fell on the blackened face of the 
thermopile. This latter was connected with a sensitive astatic 
galvanometer, and the consequent deflection of the latter was 
observed. Plates of various substances were then successively 
placed over the aperture in C, and the deflections observed. 
The amount by which the galvanometer deflections were 
diminished by covering the orifice in C with different plates 
gave a means of estimating the relative adiathermancies of 
the substances. 



Fui. 200. — Melloni’s apparatus. 


Rock-salt was found to be particularly transparent to thermal 
radiations, whilst a plate of crystalline alum was particularly 
opaque. Ice was found to be still more opaque. Distilled water 
was found to be exceedingly adiathermanous, whilst an 
aqueous solution of alum or sugar was slightly more dia- 
thermanous. 

Mellon! considered rock-salt to be transparent to radiations 
of all wave-lengths. Balfour-Stewart, however, showed that 
a plate of rock-salt is extremely opaque to the radiations 
emitted by a piece of heated rock-salt. This is an instance of 
the law, to be discussed later, that a substance is opaque to 
radiations which it emits when heated. 

P 2 
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Diathermancy of Gases. Tyndall’s Experiments. 

— Previous to 1859, it was generally considered that gases 
were perfectly transparent to thermal radiations. In that 
year T5nidall commenced an exliaustive series of experi- 
ments on the diathermancy of gases. The subject is one of 
great difficulty, since in most cases the opacity of a gas to thermal 
radiations is very small, and cvperiments may easily be vitiated 
by the effects of conduction and convection. 

To overcome these and other difficulties, the arrangement 
represented in Fig. 201 was used. The source of heat was a 



Fki. 201 -Tviulall's arraimcmfnt for iiivcstijjatinj; the djatbertnancy of gases (P.) 


cube C of cast cop])er filled with water, which was kept boiling 
by the aid of a lamp. The radiating face formed one side of a 
metal vessel V, which was continuous with a short metal 
tube F. The end of this tube was separated by means of a 
plate of rock-salt from the experimental tube SS'. 7 'he vessel 
V could be exhausted, so that the radiations traversed a vacuum 
before entering the experimental tube. C '(induction of heat from 
the metal cube C to the end of the experimental tube was pre- 
vented by the circulation of a stream of cold water round the 
vessel V. 

The end S' of the experimental tube was also closed by a plate 
of rock-salt. After passing- through the experimental tube, the 
radiations fell on one face of a thermopile P. The deflection of 
the galvanometer with which P was connected, was dependent 
on the difference in temperature between the two opposite faces 
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of the thermopile. Hence, by placing a second cube full of 
boiling water C' opposite the back surface of the thermopile, and 
partially screening the latter by means of the plates E, the needle 
of the galvanometer could be brought to its zero position. 

An experiment was performed in the following manner. The 
experimental tube SS' w'as thoroughly exhausted, and the cubes 
C and C' having attained their final temperatures, the screens E 
weie adjusted to cut off part of the radiation falling- on the Ixack 
suifiicc of P, until the galvanometer needle was brought to its 
zero position. Pure dried gas was then introduced into the 
experimental tube. Any deflection ui the galvanometer thus pro- 
duced must have been due to the absorption in the experimental 
tube of the radiations emitted by C. 

It w^as found that the introduction of oxygen, hydrogen, nitro- 
gen, or air produced an almost inappreciable effect. When, 
however, the tube was filled with olefiant gas, more than 
70 per cent, of the total radiation w'as found to be absorbed. 
Carbon dioxide and ammonia w'ere also found to absorb thermal 
radiations very strongly. 

The following table gives the percentage of the total radiation 
emitted by the cube C, w^hich w'as absorbed by a column, four 
feet long, of various gases at atmospheric pressure. 


Substance 

Pcrcentac'C 
of Kneri;y 

Substance. 

Peiccntage 
of KnerRy 

. . 

absorbed. 

. 

absorbed. 

Air 

’oS 1 

Carbon dioxide . 

7-1 

( >xygen .... 

•08 

Nitrous oxide 

28 

Nitrogen .... 

•oS 1 

Sulphuretted hydro- 


Hydrogen .... 

•08 

gen 

31 

Chlorine .... 

3 'i 

Marsh gas .... 

32 

Hydrochloric acid 

Sulphurous acid . 

56 


4’9 1 

Olefiant gas . 

71 

^ 

Carbonic oxide . 

1 ; 

Ammonia .... 

94-5 



_ 

— 



The diathermancy of various vapours was also examined. A 
tube K, Fig. 201, provided with a stop-cock, was partly filled with 
the liquid the vapour of which w^as to be examined, and the 
space above the liquid w^as then exhaused of air. The stop-cock 
having been closed, the tube K was screwed in position, and the 
experimental tube was exhausted. The needle of the galvano- 
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meter having been brought to rest by the adjustment of the screen 
E, the stop-cock with which the tube K was provided was 
opened, and the vapour of the liquid thus allowed to fill the 
experimental tube. Absorption of the radiations was indicated, 
as in the casiss where gases were used, by a deflection of the 
galvanometer needle. 

It was found that the percentage of the total radiation which 
was absorbed was dependent on the temperature of the source. 
Thus, some substances absorbed a great part of the radiation 
emitted by a platinum spiral heated by an electric current so 
as to be just faintly luminous, whilst a much smaller proportion oi 
the total radiation emitted by the spiral at higher temperatures 
was absorbed. 

Tyndall also found that certain perfumes exhibited marked 
absorptive properties. In some cases the merest trace of a 
perfume produced appreciable effects. This is not altogether 
without parallel, for ‘oooooi gram of magenta dissolved in a cubic 
centimetre of water acidulated with a little acetic acid produces 
a marked colouring. Tyndall's results, however, need vei ification. 

Aqueous Vapour. — Tyndall found that when the experi- 
mental tube was filled with air saturated with aqueous vapour, 
the absorption was 62 times as great as if the tube had been 
filled with dry air. In other words, a column of air saturated 
with aqueous vapour, possessing a length of about four feet, 
absorbs about 5 per cent, of the radiation emitted by a heated 
metal surface. 

The same subject has also been experimentally investigated 
by Magnus and others. Magnus found that dry air was 
slightly opaque to thermal radiations, whilst the absorption was 
unaffected by the presence of aqueous vapour. On the whole, 
however, Tyndall's experiments have the appearance of being 
most trustworthy. 

Rubens and Paschen have found that when thermal 
radiations, which have been passed through a vessel con- 
taining saturated aqueous vapour, are analysed by a prism 
of sylvine, and the resulting spectrum is examined by the aid 
of a sensitive bolometer, certain well-defined absorption bands 
can be detected, thus showing that aqueous vapour is opaque 
to radiations of certain wave-lengths, but, comparatively 
speaking, transparent to those radiations forming the greater 
part of the spectrum. 
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Discrepancies between the results obtained by different 
experimenters may therefore have originated in the employment 
of radiations of different wave-lengths. 

Radiation of “Cold.” 

Expt. 82. — Place a block of ice at a short distance from one of the 
blackened bulbs of the differential air thermometer described on p. 438, 
the other bulb being surrounded by a tin can. It will be found that 
the motion of the column of coloured water indicates that the exposed 
bulb has been cooled, as though “ cold” were radiated from the ice. 

The true explanation of the above experiment is as follows : 
When the exposed buIlD of the thermometer was surrounded by 
bodies at a temperature equal to its own, radiations were 
emitted by the bulb to the surrounding bodies, whilst radiations 
emitted from those bodies were absorbed by the bulb, so that its 
temperature remained constant. The block of ice served to 
screen the black bulb from the radiations emitted by surround- 
ing bodies, so that more energy was radiated from the bulb than 
was received by it. Consequently the bulb was cooled. 

Theory of Exchanges.— The above explanation of the 
cooling of a body when placed in the neighbourhood of a cold 
body, was given in 1792 by Provost of Geneva. It is seen to 
depend on the assumption that when a number of bodies are 
placed in the neighbourhood of each other, each body emits 
radiations in all directions, and at the same time absorbs radia- 
tions emitted by the surrounding bodies. Thus a system of 
exchange is in action. 

The foundation for this theory will be understood from the 
following reasoning. If a number of bodies, initially at different 
temperatures, are placed in a vessel, the walls of which are im- 
pervious to heat, then if no heat is generated in the inclosure, the 
bodies will finally attain a uniform temperature. This will happen 
whether the bodies are surrounded by air and placed in contact 
so that convection and conduction of heat may occur, ot 
whether they are hung by fine silk fibres, and the space 
separating them is exhausted of air, so that energy can enter 
or leave a body only in the form of radiations. 

Now, at a constant temperature, the average energy 
possessed by the vibrating molecules of a body must possess a 
constant value. But the moving molecules of a body generate 
waves which carry energy away from it. Therefore if no 
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energy were communicated to the body its temperature 
would continually fall. Consequently, since the temperature 
of the body remains constant, energy must be absorbed at a 
rate equal to that at which it is radiated. Finally, since 
energy is supposed to be unable to pass through the walls of 
the inclosure, the energy absorbed by a body must have been 
radiated by the other bodies contained in the inclosure. 

Application of Provost’s Theory. — (i) Let us suppose 
that two masses of silver, one having a polished surface, and 
the other a surface covered with lamp black, are placed in the 
same inclosure. A polished silver surface is known to reflect 
the greater proportion of the radiation 
which falls on it. Consequently the 
polished silver surface can absorb only 
a small amount of the energy radiated 
by the other body. Therefore, in order 
that its temperature should not fall, it 
must radiate only a small amount of 
energy, i.e. a surface which has an 
inferior absorbing capacity will also 
possess an inferior capacity for emit- 
ting radiations. On the other hand, 
the blackened surface which absorbs 
nearly all the radiations which fall on 
it must also emit radiations freely, or 
the temperature of the body would 
continually rise. 

Therefore, a surface which absorbs 



Fig. 202 — Arranppment for 
showing that a black 
surface emits radiations 


radiations freely must also be able to 
emit radiations freely. 


nioie readily than 
polished one. 


K.xpt. 83. — Take a sheet of tinfoil, and 
cover one surface with a coat of iiKTeiiric 


iodide ground up with water containing a little gum. (Mercuric iodide 
is a scarlet powder at ordinary tempiratun s, but becomes ytillow whtm 
heated to 150° C.) Paint any design with dead black paint on the 
other surface of the tinfoil. Heat a flat piece of iron to a red heat, 
and hold it, at a distance of about two inches, in front of the design 
on the polished surface of the tinfoil. After a short time, the design 
will be seen to b(‘ reproduced in yellow on a scarlet ground on the 
other side of the tinfoil. This proves that a black surface absorbs 
thermal radiations more readily than a polished surface'. 

Expt. 84. — Obtain a biscuit tin, fit the lid on it, and bore a hole m 



XXI 


RADIATION AND QUANTUM THEORY 


447 


the latter for the introduction of water. Coat one face with dead 
black paint, and leave the oppo'^ite one polished. The two remaining 
faces may be respectively coated with paper and shellac varnish. 
You have thus made a Leslie's cube. 

Turn up the bulbs of the difh rential air thermometer so as to assume 
the positions shown in lug. 202. Place the Leslie’s cube between the 
two bulbs, with the blaekened surface towards one bulb and the bright 
surface towards the other. Pour boiling water into the cube. Both 
surfaces of the latter will now be at the same temperature, but the 
motion of the liquid m the manometf'r at once indicates that more 
heat is generated by the absorption of the radiations emitted by the 
black surface of the cube than from those emitted by the bright surface. 

Since the black surfaces of the thermometer bulbs absorb all 
radiations which fall on them, it follows that the black surface 
of the cube emits radiations more readily than the polished 
surface. 

Kxpt. 85. — Obtain a piece of a white china plate jiossessing a ilark 
design (A, Fig. 203). 'I'he dark parts of this design absorb light, whilst 
the while parts simply scatter the light falling on them. 



A B 

F11-. 20? - Piece of “willow pattern ’ china— (A) when cold ; (P.) when raised to a 
high temperature. 


Now licat the piece of plate in a furnace. On removing it, it will be 
seen that the pattern is reversed (B, Fig. 205), the black parts now 
a])pcaring bright, and the white parts dark. 

This experiment shows that the same kind of radiaiion is 
emitted from a surface as is absorbed by that surface. 

(2) Let us suppose tliat two pieces of rock-salt, at different 
temperatures, arc placed in an inclosure, which is freed from 
air and provided with non-conductinK walls. Then, since both 
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pieces of rock-salt ultimately attain a common temperature, 
energy must be radiated from the hot to the cold piece. 
But rock-salt is transparent to most non -luminous thennal 
radiations, />., such radiations will pass through it without 
being absorbed, and therefore without raising its temperature. 
But since the hot piece of rock-salt cools, thermal radiations of a 
certain wave-length must be emitted from it. And, since the 
cold piece of rock-salt is at the same time heated, the radiations 
emitted by the hot piece of rock-salt must be absorbed by the 
cold piece. 

Hence, we see that theory indicates that the same kind of 
radiation which is emitted from a surface can also be absorbed 
by that surface. 



Fig. 204. — Ritchie’s Apparatus. 


Emissivlty of a Surface.— The quantity of energy given 
up by unit area of a surface in one second, per unit difference 
of temperature between the surface and surrounding bodies, is 
termed the emissivity of the surface. 

The first trustworthy experimental determination of the 
emissivity of a surface was made by MTarlane, under the 
direction of Lord Kelvin, in 1871. A copper sphere with a 
blackened surface was hung inside a double-walled tin-plate 
vessel, the inside being coated with lamp-black, and the 
space between the walls filled with water. The temperature 
of the sphere from moment to moment was observed by the 
aid of a thermo-couple, one junction of which was inclosed 
in the sphere. 
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Bottomley has more recently determined the emissivity of 
a long platinum wire stretched inside a copper cylinder which 
was blackened on its inside surface. The wire was heated by 
means of an electric current, and when a steady state was 
attained, the electrical energy dissipated in any time in the 
wire must be emitted by the surface of the wire in the form of 
radiations, or carried away by conduction and convection. 

The comparative emissive power of different surfaces or 
substances can be easily determined by covering the sides of 
a Leslie cube, containing water at too° C., with the different 
substances under consideration, and allowing the radiation 
from each face in turn to fall on the bulb of a thermoscope or 
on a thermopile and noting the relative indications. 

The relation between emissive and absorptive power is 
shown easily by an experiment due to Ritchie in 1833. The 
surface Bof a Leslie cube is lamp- blacked (see Fig. 204) and C 
is coated with the substance whose emissivity is being 
investigated, B faces the bulb A of the thermoscope which is 
coated similarly to C, while C faces D which is lamp-blacked. 
When the cube is filled with water at 100° it is found that the 
indicator in the thermoscope stem remains stationary, showing 
that the amounts of energy of radiation received by A and D 
are equal, and that the temperatures of A and D remain equal. 

If B emits r times as much radiation as C, then A must 
receive r times as much radiation as D, but since the tem- 
peratures of A and D remain the same, A must absorb r times 
less radiation than D. Hence a good absorber is a good 
emitter. 

If e denotes the radiation emitted by a substance 
and E denotes the radiation emitted by lamp-black, 
also if a denotes the absorptive power of the substance 
and if i denotes the absorptive power of lamp-black, 

then e X I = E X rt 

e 

- g- 

Since ^/E is equivalent to the coefficient of emission of the 
substance, this quantity is equal to the absorptive power. 

It is noticed that masses of different substances in a uni- 
formly glowing red-hot fire lose their distinctive appecirance 
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and outline and assume a uniform glow ; they must therefore 
be receiving quantities of heat equal to the amounts emitted. 
If a body which was a complete absorber of radiation of all 
wave-Jengths was placed in such a high- temperature enclosure, 
it would also restore by emission all the radiation incident 
upon it. Such a body is termed a black body, and the radiation 
in an enclosure of uniform temperature, insulated from all loss 
or gain of radiation by external influence is called black-body 
radiation. 

From consideration of such radiation, Kirchofl, in 1859, 
was able to deduce theoretically that for any given 
temperature the ratio of the emissive power to the absorbing 
power is a constant, and is the same for all bodies, being 
independent of the nature of the body, and is equal to the 
emissive power of a black body under the same conditions. 
This important result is known as Kirchoffs Law. 

Laws of Cooling. — Many attempts have, from time to 
time, been made to determine experimentally the relation 
between the rate of cooling of a body in a vacuum and the 
temperature of the body. 

Newton's Law of Cooling, viz., that the heat radiated per 
second is proportional to the difference of temperature 
between the body and its surroundings, has already been 
mentioned (p. 129). The law represents the results of experi- 
ments at low temperatures, but fails when the temperature of 
the radiating body is high. 

Dnlong and Petit executed a number of experiments relative 
to the rate of cooling of mercury in glass thermometers when 
placed in a vacuum. These experiments were naturally 
subject to the errors incidental to the use of mercury thermo- 
meters for the measurement of temperatures. Further, no 
great range of temperature could be obtained. As a result, 
they proposed the formula 

“ f = 

where 6 and 0 ' are the temperatures of the radiating body and 
its surroundings, respectively, and k and a are constants 
depending on the nature and surface of the body. 

From the results of Dulong and Petit’s experiments, Stefan, 
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in 1879, arrived at the result that the intensity of total 
radiation from a black body is proportional to the fourth 
power of its absolute temperature, i.e, 

K = oT^ 

where g is Stefan’s constant. 

Stefan’s “ fourth power law ” does not mean that the rate 
of cooling of a body is proportional to the fourth power of the 
temperature, but that the amount of energy radiated per 
second is proportional to that quan^-ity. 

In 1884 Boltzmann was able to deduce Stefan’s law thermo- 
dynamically, hence the relation is often known as the Stefan- 
jBoltzmann law. This law, however, does not give us the 
energy density of the radiation corresponding to a definite 
frequency and temperature. The intensity of radiation 
throughout the large range of wave-lengths of the spectrum 
due to a hot body is by no means equally divided ; thus when 
a body is first heated the energy of the emitted radiation 
must be concentrated mainly in the region of the dark heat 
rays. It is necessary to find a law expressing the distribution 
■of the total energy in the spectrum at particular temperatures, 
for there must be a definite small interval of wave-lengths 
over which the energy of radiation is greatest. Wien, in 
1893, deduced the relation 

== constant, 

known as Wien’s displacement law, where \n is the wave- 
length corresponding to maximum energy density at tempera- 
ture T. Thus as T increases the maximum energy density 
is displaced to shorter wave-lengths, as found by experiment. 
Wien also deduced that 

ekfn oc T^ 

where denotes the energy radiated at and is thus 
proportional to the fifth power of the absolute temperature 
of the radiating source. 

On the experimental side the closest approach to the 
realisation of black- body radiation was obtained by Lummer 
and Pringsheim in the years 1897-1899, using a hollow copper 
sphere coated on the inside with lamp-black for the lower 
temperature ranges, and an iron cylinder internally coated 
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with platinum-black for the higher temperatures. The 
intensity of radiation emitted through a small aperture was 
compared at different temperatures by means of a bolometer ; 
in this way Stefan's law was verified over a wide range of 
temperature. To test Wien's displacement law it was 
necessary to disperse the radiation by means of a fluorite 
prism, and to observe by the bolometer the intensity at 
different points in the spectrum. The net result was to 
confirm the law for high frequencies and short wave-lengths, 
but in the case of long wave-lengths systematic discrepancies 
were found. 

The next step, in the first few years of the present century, 
was the deduction of a relation known after its authors as 
the Rayleigh- Jeans law, which took the form 

This was found to be satisfactory for low frequencies or long 
wa^’e-lengths, but for finite values of T it demands that all 
the energy of the radiating body should be dissipated into 
space. This, of course, is contrary to all experience and 
experiment. 

Now all these laws have been deduced on what is known as 
classical mechanics, that is, the ordinary laws of mechanics 
as applied to every-day examples of forces and bodies. The 
failure of these laws of radiation gradually brought about the 
conviction that classical mechanics was in some way inapplic- 
able to the minute quantities connected with wave-lengths 
and radiation. The fact that Wien's law held for short 
wave-lengths and the Rayleigh- Jeans law for long wave- 
lengths naturally suggested that these two laws were special 
cases of a general law of radiation. The problem was solved 
in 1905 by Planck, who carried out a system of somewhat 
difficult calculations and deductions which cannot be developed 
in detail here. Briefly, he considered that the exchange of 
electromagnetic energy took place between a series of minute 
oscillators in an impervious enclosure. The result was to 
show that energy could not be exchanged in the perfectly 
continuous manner that had always been taken for granted, 
but in minute finite elements or bundles or units to which 
Planck applied the name quanta. The quantum of energy c 
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is not a fixed quantity, but is directly proportional to the 
vibration frequency of the radiation. Planck's fundamental 
relation is 

s = Av 

where A is a universal constant known as Planck’s constant, 
expressed as action ** or the product of energy and time. In 
a radiation spectrum e must be very large for short wave- 
lengths or high frequencies, and small for long wave-lengths 
or low frequencies ; hence the probability is that a spectrum 
will contain comparatively little energy corresponding to very 
short or very long wave-lengths, but mainly energy of 
intermediate waves, as is found experimentally. It can be 
shown, that Planck’s law is, in fact^ a general law embracing 
Wien's and Rayleigh's laws as special cases. 

The quantum theory which we have outlined, developed 
by Planck in 1905, completely revolutionised physics, for 
it was found that all inter-relations of energy with matter 
were governed by quantum conditions or by Planck’s law. 
The idea of exchange of energy and radiation in units naturally 
revived interest in the old Newtonian theory of the corpuscular 
nature of radiation and light ; but while Planck did not assert 
that radiation must necessarily exist in a discontinuous 
form nor suggest any physical picture of the nature of this 
discontinuity or its cause, he did, however, show that energy 
exchanges must be of a discontinuous nature. An immense 
amount of work has since been done in applying the quantum 
theory to a large number of accumulated difficulties with 
which physics had been faced, and these difficulties were 
found to be overcome with much ease and simplicity. The 
whole of the phenomena of spectra based on our present 
views of the structure of matter and the building up of the 
elements have been systematically classified and explained 
on the quantum theory, as also have the problems of photo- 
chemistry, photo-electric effect, X-rays, and innumerable 
other matters. 

Atomic Heats and the Quantum Theory.— We have 
seen in Chapter VI. that the Dulong and Petit relation. 
Atomic weight X specific heat = 6-4 (approximately), applied 
in general to the metals, but that the constant 6-4 was only 
an average value which varies with the temperature, and 
^t the non-metals were exceptions to the law. The quantum 
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theory was applied by Einstein in 1907 to the problem of 
specific heats, and this work was extended by Debye in 1912. 
The quantum correction of classical atomic heat theory was 
baseyi on the assumption that the deviations from Du long 
and Petit’s law were due to the discontinuity in energy and 
amplitude of the vibrations of the atoms. It was shown that 
tlie atomic heat is a function of v/T, and if v is fixed for a 
particular solid then the atomic heat is a function of the 
temperature, 

If T = o, 7.e. at absolute zero, then = o. For higher 
temperatures Cy gradually approaches the classical value 
3R. (5*94 calories per degree). The molecular heat of 
diatomic gases varies considerably with the temperature, and 
appears to decrease at low temperatures in a manner of 
which classical theory takes no account. Thus, as in the 
case of radiation, the quantum theory shows that Dulong 
and Petit’s law is a special relation valid only for high 
temperatures. 

Much advanced study in physics must be covered before 
even a moderate grasp of the significance and utility of the 
quantum tiieory can be gained. The discontinuity postulated 
by the quantum is the direct opposite of the continuity which 
had been accepted without question in classical mechanics 
by all scientific workers in the past.^ 

Nernst Heat Theorem. — In 1906 Nernst proposed a 
general principle which was supported by a series of investiga- 
tions on the problem of atomic heats at low temperatures, 
and which he had previously arrived at from thermodynamic 
considerations. This was proposed as “ the new heat 
theorem,” and is now usually referred to as the Nernst heat 
theorem, or the third law of thermodynamics. It had been 
supposed originally that the maximum available work A 
was equal to the heat of reaction U at all temperatures; 
this was later corrected when it was shown that A = U only 

1 For a detailed account of the quantum theory and its applications 
see The Evolution and Development of the Quantum Theory, N. M. 
Bligh. 1926. 
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at absolute zero. Nernst, however, postulated that for the 
limiting condition when T = o, then ^ = o, i.e. at absolute 
zero the maximum work is independent of the temperature, 
and also that, in the limit T = o, then ^ = o, i.e. that the 

heat of reaction vanishes at absolute zero. 

Planck later extended Nernst 's results, and showed that 
not onl}?^ does the total entropy change of a system vanish 
at absolute zero, but that the entropies of the phases of the 
system become zero, i.e. the Nernst heat theorem can be 
expressed in the more general terms : at the absolute zero 
reactions in a system proceed without change of entropy. 

Summary. 

Radiation. The molecules of a heated body being in motion, waives 
are produced, which, if of certain wave-lengths, are capable of detection 
as light. The longer waves are termed non-luminous thermal radiations. 

Non -Luminous Radiations possess the general properties of 
light waves, being capable of reflection, refraction, polarisation, &c. 
If light waves are absorbed, heat is produced in the absorbing body, A 
similar production of heat attends the absorption of non-luminous 
radiations. 

Diathermancy is the name given to the degree of transparency of a 
substance, with respect to thermal radiations. Substances which absorb 
thermal radiations are said to be adiuthermanoiis. 

Air, oxygen, nitrogen, and hydrogen are almost transparent to 
thermal radiations. If this were not the case, hardly any heat could 
reach the earth from the sun. 

Theory of Exchanges. Any body, not at the absolute zero of 
temperature, emits radiations. In a state of thermal equilibrium, the 
amount of energy radiated per second from a body is equal to the 
energy absorbed by it in the form of radiations from surrounding bodies. 

The Emissivity of a surface is equal to the net amount of energy 
radiated from umt area of the surface in one second, per unit diiler- 
ence of temperature between the surface and surrounding bodies. 

The Quantum Theory postulates that interactions between matter 
and radiation are not continuous but arc governed by the relation 

c = hv 

where € is the quantum of energy, v is the frequency of the radiation, 
and h is a universal constant (Planck’s quantum of action). 
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Questions on Chapter XXI. 

(1) Describe the details of an experiment to investigate the laws of 
the fefraction of non-luminous radiation. 

(2) Describe carefully experiments which have been made on the 
absorption of heat by vapours, dealing specially with the error which 
may arise through the absorption of heat by films of liquid through which 
the radiation passes. 

(3) Describe convenient apparatus for investigating the laws of the 
reflection and refraction of non-luminous radiations, and give the general 
results which have been arrived at. 

(4) Describe in detail experiments to prove that bodies transparent to 
light may absorb invisible radiations in very different degrees. 

(5) State Prevost’s theory of exchanges, and show how it follows from 
the theory that the radiating and absorbing powers of a surface at a 
given temperature are the same. 

(6) Describe the most important experimental results on the absorp- 
tion of radiation by gases. 

(7) What is meant by the theory of exchanges ? 

Account for the fact that good radiators arc also good absorbers. 

(8) Describe experiments which have been made to determine the 
law of radiation from heated surfaces. 

(9) A wire -I cm. in diameter, carrying a current of 10 amperes, is 
found to reach a steady temperature of 100° C. Assuming the specific 
resistance of the material as 2-i x lo"^ ohms per cm. cube, and the 
value of J as 42 X lo* ergs, determine the amount of heat emitted at 
100° C. by a square centimetre of the surface. 

Practical. 

(1) Given a Leslie cube, a thermopile, and a galvanometer, find the 
relation between the radiation from the cube, and the excess of tempera- 
ture above the surroundings. 

(2) Measure and plot the radiation of a tin of boiling water at differ- 
ent distances from a given thermopile. 

(3) Compare the radiating powers of two given surfaces by means of 
a thermopile. 
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(1) Show in a general manner that according to the kinetic theory 
of gases the pressure is proportional to the mean kinetic energy of 
agitation, and establish Avogadro’s law as a consequence of the theory. 

(2) Show how to obtain the gaseous laws of Boyle, Charles, and 
Avogadro from the principles of the kinetic theory of gases. 

(3) Obtain a formula giving the value of J in terms of the pressure, 
temperature, and density of a mass of gas, and the difference between 
its two specific heats. What experiments are necessary to justify the 
assumption made in obtaining the formula ? 

(4) ICxplain how the thermal equivalent of mechanical energy maybe 
derived from a knowledge of how much heal i'H required to warm a 
given quantity of gas a given number of degrees, first when pressure on 
it is kept constant, and next when it is heated in a closed inexpansible 
vessel. 

(5) What is meant by an isothermal curve? Indicate the form of 
such a curve (i) for a gas, (2) for a vapour, tracing the curve in the 
latter case from the condition of unsaturated vapour to that of complete 
liquetaction, and explain how the work done in compressing the gas or 
vapour may be represented in either case. 

(6) Define the terms work, force, pressure. Show that if a piston 
is moved along a cylinder against a constant pressure, the work done in 
a stroke is equal to the product of the pressure into the volume swept 
out by the piston. Explain clearly the units in which the work will be 
given by this calculation. 

(7) Prove that the ratio of the two specific heats of a gas at constant 
pressure and volume respectively is the same as the ratio of its adiabatic 
and thermal elasticities. 

(8) Find the equation of an adiabatic of a refractory gas, such as air. 

(9) What are the properties which determine the velocity of sound in 
a solid, a liquid, or a gas ? Explain why Newton’s value of the velocity 
of sound in air differs from the true value. Calculate the Newtonian 
velocity of sound in a gas whose density at standard pressure and 
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temperature is i kilogram per cubic metre. What would you expect 
the true velocity to be ? 

(10) If a quantity of air at 15® C. is suddenly compressed to half its 
volume, show how to calculate the temperature it will momentarily 
attain. Explain the importance of this knowledge in the theory of 
sound propagation. 

(11) What effect does pumping half the air out of a closed vessel 
produce on the velocity of sound passing through it ? Also, what is the 
effect of compressing the air? (The temperature in both cases is 
supposed to be constant. ) 

(12) The specific gravity of a certain gas, under a pressure of 75 
cms. of mercury at o® C., is one-thousandth that of water. What is 
the velocity of sound in it at that temperature ? What is it also at the 
temperature 100®? Examine whether altering the pressure on the ga.s 
will affect the velocity. (Take the ratio of the two specific heats as i’4. ) 

(13) How does the velocity of sound through different gases at the same 
temperature and pressure depend upon the density of the gas ? Describe 
a simple experiment by which you could prove that the velocity of sound 
through coal-gas is not the same as the velocity through air. 

(14) Describe the various methods employed to determine the ratio 
of the specific heats of gases. What inference as to the constitution of 
the molecule of the gas is sometimes drawn from these measurements ? 

(15) Explain the possibility of the artificial production of cold by the 
performance of mechanical work on a suitable substance. If ordinary 
dry air at ten atmospheres is suddenly released, explain how the 
reduction of temperatures can be calculated. 

(16) What is meant by the statement that the specific heat of 
saturated steam at too® is negative ? 

Assuming that steam obeys the gas laws, show that the work done in 
changing the volume of i gram of steam at 100® and 760 mm. to the 
volume of 101° and 787 mm. (the saturation pressure at loi®), is more 
than sufficient to supply the heat needed for the rise in temperature, the 
specific volume of steam at 100 being taken at 1,700, and its specific 
heat at constant pressure as 0'48. 

(17) A cylindrical calorimeter, outside diameter 20 cms., is suspended 
by a single wire so that it is capable of rotation about its axis, wliich is 
vertical. A paddle is rotated within the calorimeter at the rate of 
1,500 turns per minute, and the calorimeter is kept from rotating by 
means of two fine strings which are wound round the outside of the 
calorimeter on opposite sides and then pass over two pulleys and have 
each a weight of 200 grams attached. If the mechanical equivalent 
of heat is 4*189 x 10’, and g is 981, find the heat (in gram -calories) 
developed in the calorimeter in each second. 
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(18) If we take v in the equation of an ideal gas, pv = RT, to be the 
volume of m grams of a gas of which the molecular weight is show 
that R is the same for all gases, and find its value in C.G.S. units, 
given that the density of hydrogen at o® C. and a pressure of one 
megadyne [lo® dynes] per sq. cm. is 0*0896 grams per litre. 

(19) Describe Victor Meyer’s method of measuring vapour density. 

An experiment made by this method gave the following numbers. 

Calculate the vapour density of the substance : — 

Weight of liquid = 0*119 gram. 

Volume of air driven off (collected over mercury) = 38 c.c. 

Temperature of air = 15® C. 

Height of the mercury surface inside the measuring tul’»e above the 
free surface = 5 cms. 

Height of the barometer = 75 cms. 

(20) By what processes does hot water standing in an open vessel 
lose heat ? Describe experiments by which the existence of the several 
causes of loss can be determined. 

(21) A glass bulb of 100 c.c. capacity is connected to a vertical tube 
3 mm. in diameter dipping in a dish of mercury The mercury stands 
at the top of the tube at a height of 30 cms. , when the bulb is at o® C. 
When the bulb and tube are surrounded by steam at atmospheric 
pressure of 760 mm., the mercury is observed to fiill to 14 cms Find 
the coefficient of dilatation of the gas in the bulb, neglecting the ex- 
pansion of the glass. 

(22) Define the thermal conductivity of a substance. A glass 
vessel with an area of 100 sq. cms., 1*5 mm. thick, is filled with ice and 
placed in a vessel kept at a temperature of 100® Find how many 
grams of ice will melt per minute when the flow of heat has become 
steady 

Latent heat of ice = 80. 

Conductivity of glass = o 00185 

(23) Find the efficiency of an air engine using one pound of coal per 
horse-power hour, and compare it with that of a perfect reversible 
engine, assuming that the heater is at 1,000® C., and the refrigerator 
at o® C., and that the thermal value of the coal is 8,000 calories 
per gram. 

'24) A piece of sulphur weighs 50 grams in air, and has a volume of 
25 c.c., when the temperature is 17*’ C. and pressure 74 cms. What is 
its true weight, the density of air being 0*00129 grm. per c c., at o* and 
76 cms., the coefficient of expansion of air 1/273, and the density of 
the brass weights 8 *0 grms. per c. c. ? 

(25) A glass globe contains unsaturated moist air, and the pressure 
is so adjusted that on opening a stop-cock communicating with the 
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explain how the density may be deduced theoretically from other 
measurements. 

(47) If the thermal conductivity of ice is 0*0050 C.G.S., find the rate 
at which the ice on a pond will increase in thickness if the air in contact 
with upper surface of the ice is maintained by radiation, &c., at a 
temperature of 20° below zero C. Plot a curve showing how the rate 
varies as the thickness of the ice increases. 

(48) A metal ball at a temperature of /q* C. is placed in the middle of 
an enclosure, of which the walls are maintained at 0® C. ; six minutes 
afterwards the temperature of the ball is 300“ C., and after another 
minute it is 250® C. Find the value of /q, assuming Newton’s law of 
cooling. 

(49) Show how the rise in temperature when a gas is forced through 
a porous plug may, by use of the second law of thermodynamics, be 
applied to determine the absolute zero. 

(50) Calculate the work done during adiabatic expansion to infinity 
of a given mass of gas vhich is initially under standard conditions of 
temperature and pressure. 
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THE WET AND DRY BULB HYGROMETER. 

This table gives the pressure, in mm. of mercury, that would be exerted by the 
aqueous vapour in the atmosphere when cooled to the dew point ; the dry bulb 
reading being C, and the difference between the dry and wet bulb readings being 
equal to the respective numbers in the top line. 

(Compiled from Table 170, Smithsonian Physical Tables.) 
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* 3*9 

»*3 



MAXIMUM PRESSURE OF AQUEOUS VAPOUR AT DIFFERENT 
TEMPERATURES. 


Deduced by Broch from Regnault's Experimental Data. ' 

(The pressure p is given in mm. of mercury, at o* C, and at the sea level in lat. 45*.) 


Temp. 

•c. 


Temp, 

’C. 

/». 

Temp. 

•c. 

1 ^- 

Temp. 

“C. 

P 

*0 

4'57 

26 

24 96 

51 

96-66 

76 

301*09 

I 

4 ‘ 9 i 

27 

26-47 

52 

101*55 

77 

313*85 

2 

5-37 

28 

2807 

53 

106-65 

78 

327*05 

3 

5 ‘66 

29 

29*74 

54 

111*97 

79 

340*73 

4 

6*07 

30 

31*51 

55 

117*52 

80 

354*87 

5 

6-51 

31 

33*37 

56 

121^-20 

81 

369*51 

6 

697 

32 

35*32 

57 

129-31 

82 

384*64 

7 

7‘47 

33 

37*37 

58 

135*58 

83 

400*29 

8 

7 '99 

34 

39*52 


142 10 

84 

416*47 

9 

8*55 

35 

41-78 

148-88 

85 

433*19 

10 

914 

36 

44-16 

61 

155*95 

86 

450*47 

11 

9*77 

37 

46-65 

62 

163-29 

87 

468*32 

12 

10*43 

38 

49-26 

63 

170 92 

88 

486*76 

*3 

II-I 4 

39 

52-00 

64 

178-86 

89 

505*81 

14 

ii‘88 

40 

54*87 

65 

187-10 

90 

525*47 

IS 

i2‘67 

41 

57*87 

66 

195*67 

91 

545*77 

16 

13*51 

43 

61-02 

67 

204-56 

52 

566 ■71 

*7 

14-40 

43 

64*31 

68 

213*79 

93 

588*33 

18 

15*33 

44 

67*76 

69 

223*37 

94 

610*64 

*9 

16-32 

45 

71-36 

70 

233*31 

95 

633*66 

20 

17*36 

46 

75*13 

71 

243*62 

96 

657-40 

21 

i 8*47 

47 

79-07 

72 

254*30 

97 

681 -88 

23 

19'63 

48 

83*19 

73 

265*38 

98 

707*13 

33 

2 o'86 

49 

87*49 

74 

276*87 

99 

733*16 

34 

35 

22- 15 

23- 52 

50 

91-98 

75 

288-76 

100 

101 

760*00 

787-67 


PROPERTIES OF STEAM {CaUendarf, 
See Froi. Roy. Soc., Vol. 67 (1900), pp. 226-i.8C). 


Temp. 

C. 

V. 

P. 

Q. 

L. 

S 

£ntr 

Watci . 

opy. 

Steam. 

0 

202,602-0 

4-66 

593*5 

593*5 

— I *680 

0 

i*i 740 

20 

57.309 0 

17 67 

603 3 

583*2 

- I 5 C 2 

0-07087 

2 'o6i7 

40 

19,4420 

55*55 

613-0 

573 0 

- 1*351 

0-13681 

I -9676 

60 

7,671*0 

149*63 

622*5 

562-5 

— I 223 

0-19868 

1 -8380 

80 

3.407 0 

355 30 

631 7 

551*7 

— I'lifi 

0*25704 

1*8 198 

100 

1,672*5 

760*00 

640*3 

540*2 

- I *028 

0-31246 

1-7608 

120 

890*6 

1.491*4 

648 4 

528*1 

-0-955 

0-36518 

1-7090 

140 

508-4 

2,716-5 

655*8 

515 2 

0-895 

0-41567 

1 ‘6632 

160 

307 *1 

4,657*0 

662*4 

501-3 

-0-844 

0-46373 

1*6215 

180 

195*3 

7,546*0 

668*4 

486-8 

— o'Soi 

0-51029 

1*5849 

200 

129-6 

11,684*0 

673*4 

471*1 

-0-759 

0 55492 

I 5509 


In the above table, the unit of heat employed is that required to raise t gram 
of water through C- at 30® C. 

V. = Specific Volume (volume in cc.s., of i gram) of saturated steam. 

P. as Pressure, in mm. of mercury, of saturated steam. 

Q. = Total Heat of Steam, \ogeno 

L. ■■ Latent Heat of Steam. J PP* 

S. » Specific heat of saturated steam. (See p. 324.) 





ANSWERS TO QUESTIONS 


Chapter I 

(2) 20° C., 8o°C., -28-9” C., 39-S‘f'., I2S-6'’F., -4S94*F. 

(S) 36-95° C., 89-32-C. 


Chapter II 

(6) 99*65“ C. 

Chapter III 

(3) +0-029 cm. 

( 5 ) 0*051 cm. 

(6) 1 4 ’69 ins. 

(7) 22*1 cms. 
f8) *99496 c-ft. 

(10) 0*12 of one per cent. 

Chapter IV 


(2) 6*0667 grams. 

(3) 0*139, or, roughly, j of the whole volume of glass vessel. 

(4) 0*000061. 

( 1 1 ) Let g — coefficient of linear expansion of glass. 

,, r = internal radius of glass tube. Then 
fl- { r ( I + locg ) } X loi *65 = IT r^x 100 X i -0182 (see p. 65^ 

.*. f I +2 X 100^) X 101-65 = 101-82 (seep. 52). 
g = 0-0000083. 

.*. Coefficient of cubical expansion of glass = 0*0000249. 

(12) 28S“. 

Chafi'er V 

(2) 29*45 ins. 

(3) 0*00366. 

(9) Take density of dry air, at o® C. and 760 mm. pressure, equal to 
0*001293 gr-/c*c. Work performed = 1*29 x 10* ergs. 

(16) 999*3 grams per sq. cm. 

(18) 30 ins. 

(19) 452* c. 
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Chapter VI 

(6) 0-497. 
ifi) 0-0911. 

(10) 0-489. 

(11) 0-14. 

(12) 9660 heat units. 

(14) Water equivalent = 12. Specific heat of metal =o-ii2. 
Chapter VII 

(7) 7962*5 grams of ice. 

( 8 ) 0 * 11 . 

(11) Time to commencement of freezing : time to freezing of half 
inch = 40 : 61. 

(12) 630. 


Chapter VIII 

(S) 0*103. 

(9) Use formula on p. 372. Melting point raised by 0*025“ C. 

Chapter X 

(10) 0-745. 

(14) 0-3424 grams. 

(* 5 ) yfr* 

fl7) At 30*, vapour pressure = 30*56 cms. of mercury. 

45 » M »i = 49*71 1* >» 

>>60, ,, ,, =81-87 j» »> 

Chapter XI 
(2) I *0296 X 10* ft. -lbs. ; 52 horse-power. 

Chapter XII 

(1) 8*0 X 10* cms. 

(2) 2-98 X 10* heat units. 

(3) 132,000 B.T.U. One British Thermal Unit (B.Th.U.) = the 
heat required to raise 1 lb. of water through 1“ F. 

(5) 3*45 ^ per sec. 

(6) 0*1972 heat units, where 1 heat unit would raise i lb. of water 
through I® C. 

(ii) 41*2 X 10* ergs, per calorie. 
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Chapter XV 

(i) 213“ C. This problem can be solved like that on p. 314 If no 
logarithms are given, we can proceed as follows : 


* (iT " " 2(1 - 4 )». 

We can now expand (i - i)l by the Binomial Theorem. 


Chapter XVI 

(7) 0’26, or 26 per cent. 

(8) iV 


Chapter XVII 

(3) 496*2 heat units. 


Chapter XVIII 

(6) I •17*0 

Chapter XX 

(4) 21,600. 

(6) 1,800,000 grams of ice. 

( 7 ) I79“C. 

(10) 1*26 X 10'®. 

Chapter XXI 


(9) 2«o3 calories per sq. cm. 


miscellaneous examples 


(6) If pressure is measured in dynes per sq. cm., and the volume in 
c.cms., work will be measured in ergs. If pressure is measured in grams 
per sq. cm., and volume in c.cms., work will be measured in cm-grams. 
If pressure is measured in lbs. per sq. ft. and volume in c.ft., work will 
be measured in ft. -lbs. 

(9) Newtonian Velocity of sound = 3*17 x 10^ cms. per sec, 

(12) Velocity = 3*74 x 10^ cms. per sec. at o", 
and 4*37 x lo^ „ „ „ „ lOO*. 

(16) Diminution of volume = 54 c.cs. 

Average pressure = 773 mm. of mercury = 1*03 x lo* dynes per sq. 
cm. Work done during compression is equivalent to i’32 calories. 

(17) 14*7 gram-calories per second. 

(18) Molecular weight of hydrogen =2. Volume of 2 grams of 
hydrogen at d* C. and 76 cms. pressure, 


2 X 1,000 
0*0896 


= 22,320 C.C. 


R = 


10^ X 22,320 


= 8*176 X 10^. 


273 
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(19) If the vapour obeyed the gas laws, its density, at o® C. and 76 
cms. pressure, would be — 


O’liQ X 76 X 288 
38 X 70 X 273 


= 0*03586 grm. per c.c. 


(21) Use equation pu - k{\ + of) — 

When t = o>* C.f p = 46, and v = 100. r, k = 4,600. 
Then, at 100® C., 62 x 101*13 = 4,600 (i + 100 o) — 


a = 0*00363, 

neglecting the expansion of the glass, and the diminished density of the 
mercury, at 100® C. 

(22) 92*5 grnis. per minute. 

(23) Heat liberated by coal = 8,000 x 454 calories per horse-power 
hour = 3 '63 X 10®. 

I H.P. = 746 X 10^ ergs per second. Heat equivalent of i H.P. hour 

746 X 10^ X '5,600 , . 

= ^ — .. calories. 

42 X 10® 

A . 1 zr • 7*46 X 3*6 X 10^2 , , ft, 

Actual emciency = — Yo^ ^ (3 ^3 ^ 10 ) = o‘^ 7 - ' 


Efficiency of perfect reversible engine working between temperatuies 
1,000® C. and o® C. 078. 

1.273 

(24) Mass of air displaced by sulphur — 


c 25JX 74 X 273 
76 X 290 


X 0 00129 = 0*0296 grams. 


Since density of weights = 8, while density of sulphur = 50/25 = 2, 
the weights displace one-quarter of the mass of air displaced by sulphur, 
t.e. 0*0074 grams. 

.*. True mass of sulphur = 50 + 0*0296 - 0*0074 = 50*0222 grams. 

(26) Mass of heated air in chimney must be less than that of similar 
column at atmospheric temperature by mass of cylinder of water i inch 
in height, and of same sectional area as the chimney. Thus if a sq. ft. 
= sectional area of chimney, = density of hot gases in chimney at an 
absolute temperature T, and d = density of surrounding air at 15® C. 
(say), or 288” abs., we have 

I36(rf - ^ X a (l), 

the density of water being 62 lbs. per cubic foot. 

Also, density of gas within chimney will not be appreciably affected 
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by the difference in its pressure from that of the surrounding air. Thus, 
if = density of air at 0° C. (273° abs.), 


Thus for (i) 


and = 

I36x273xai(^g- A)=g 


(*) 


The density, atmospheric air at 0° C. and standard barometric 
pressure is O'oSog lb. per cubic foot. In the above we have assumed 
that the flue gases at o® and under standard barometric pressure would 
have the same density as the air, although they would really be some- 
what denser. Substituting for (/q in (2), and solving for T, we obtain 


T = 572® (nearly) 

.». 572 - 288 = 284 C. = excess of temperature required. 

(27) Heat dissipated by electric current = (20 x 2 x loq -j- (42 X 
10*) — 9*52 calories per second, or 9*52 x 60 = 571*2 calories per 
minute. 

/. Latent heat of liquid 57i*2 -r 4 = 142*8 calorics per gram. 


(28) The time of vibration of a balance wheel varies as n/I/Y, where 
I is the moment of inertia of theVheel, and Y is the Young’s modulus 
of the hair-spring. Now a rise of temperature will cause the linear 
dimensions of the wheel to increase, and I will vary directly as the 


square of the linear dimensions ; thus 

Time of vibration at -h r)° _ f 

Time of vibration at I \(i - 2 x 10 *) 



I + 1 8 X io~^ 
,^1-2 X 10“'* 


Number of seconds lost per day due to i® rise of temperature - lo*2. 

(29) 1 H.P. = 746 watts. 

I kilowatt hour = 1-34 H.P. liour= 1-34 x 33.000 x 60 ft. lbs. = 
2*66 X 10® ft. lbs. 

2*66 X 10® ft. lbs. of electrical energy cost 41/. 

10® ft. lbs. of heat energy (in coal) cost 4cf. 

. *. Cost of electrical energy : cost of heat energy in coal = 100 : 2*66. 
It is only possible to convert a small proportion of the heat in coal 

into mechanical energy. See Chapter XVI. , , , , • 

The cost of labour and interest on the value of plant used in 
converting heat energy into mechanical energy must also be taken into 
account. 
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(31) The frequency of vibration of a" tuning fork (that is, the n umber 
of vibrations it performs per second) varies directly as where 

Y is the Young’s modulus of the steel, and d is its density. Heating 
the fork to 100® C. through 85® C) diminishes the density of the 
steel in the ratio i : (i + 12 x 85 x = I : (1 *00102)* = i ; 1*0031. 

Let y be the temperature coefficient of the Young’s modulus of the 
steel ; thus 


Frequency at 100® _ 99 __ ,7 


+ 85V) X 1*0031. 


Frequency at 15' 

* + * 5 )'= (-^)^ 1-0031 


0*98 

1*0031 


0*977. 


V = - *023 -r 8; = 2*7 X I0~*. 

(33) 287*1® C. 

(34) a. Bulb at d* C , — Let V be the total volume of the bulb and 
connecting tube, supposed to be constant ; while v is the volume of 
the connecting tube, kept at 20® C. Let be the observed pressure. 
If we were to keep the pressure constant, and to cool the gas in the 
connecting tube down to o®, the volume of this gas would diminish to 
vl{i + 200) where o is the coefficient of expansion of the gas at 
constant pressure. In this case the total volume of the gas would be 


V - Z/ + 1 — = V - 

I + 200 


20 av 
I + 20a’ 


If we now decrease the pressure so as to allow the gas to expand at 
constant temperature to its original volume V, the required pressure 
P^' will be given by the equation 


P/V 


= Po(v - 
=P.v(i - 


20 av \ 
I + 20 a/ 


20 av 

(l + 200) V 


> 


Dividing through by V, the corrected pressure P^' is given by the 
equation 

/ \ 

(1) 


- = pfi \ 

® ®V (l+20a)v; 


We may assume a to be equal to 1/273. In the problem 2//V = i/ioo 
.*. P'^ = PJr - 0*00069). 

b. Bulb at 100® C. — Keeping the pressure constant, heat up the 
connecting tube till its contents are at 100® C. ; the volume of the 
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contents will then be equal to v (i + iooo)/(i + 20a). Then total 
volume of gas 

= y.v + 1L±J!^) = V + 

I + 20 a I + 20 a 


Let Pi be the observed pressure, and P/ the required corrected 
pressure ; then if we compress the gas at constant temperature until its 
volume is equal to V, we have 


P,'V = 1 >,^V + 

= p,v(i + 


Soaz; \ 

I + 20 a J 

Soav \ 
(l + 20a)V/ 


I’.' = p.(i + 


8oa» 


= P.d + 0-00273). 


(37) Heat radiated from body = ^Tj^ where Tj is the absolute 
temperature of the body. Heat received by body from surroundings 
= ^To^ where Tq is the absolute temperature of surroundings. Then 
net loss of heat = k{r* - To^) = -^(Tj - T^) (Tj* + Tj^To + T^To® 
+ To^). 

With a moderate difference of temperature between a body and its 
surroundings, the value of the expression just found will be directly 
proportional to (Ti - Tq), and small variations in Ti and Tq will not 
greatly influence the quantity within the second set of brackets. 

(47) A complete solution of this problem would be difficult to obtain 
without the use of the higher mathematics ; the following approximate 
solution is probably what the examiner desired. 

When a layer of ice is first formed, its temperature is 0“ C. ; when an 
additional layer is formed, the temperature of the first layer must fall, 
otherwise heat would not pass into it from the layer last formed. Hence 
the heat passing through the ice is really made up of two parts, one 
due to the latent heat given up by the ice in freezing, and the other due 
to the heat given up during the cooling of the various layers of ice. 
The specific heat of ice is equal to 0*5, while its latent heat is equal to 
80 calories per gram. Hence we may, to a first approximation, neglect 
the heat given up by the ice as it cools ; the error involved will not be 
considerable unless the ice is very thick. 

Let K = thermal conductivity of ice ; then K = quantity of heat 
passing normally through a square centimetre per second, -r tempera- 
ture gradient. Under the conditions specified above, the temperature 
gradient may be considered uniform throughout the ice, its value being 
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20° thickness of ice, supposing the water in the pond to be at a tem- 
perature of 0° C. 

At a given instant let the thickness of the ice be the time being 
A\ time let the thickness of the ice be jrj, the time interval - 1 ^) 
being very small, and therefore {x^ - Xq) being small. Then during this 
interval of time the average thickness of ice = {x^ + ^o)/2» and the 
average temperature gradient = 20 -r + Xq)/ 2 . Then if ^ = the 
quantity of heat which passes through a square centimetre of the ice in 
the interval (/j - 

7 



(■*1 + •»- o )/2 


.-.a = 4oK(/i - /q) 

•^1 + *^0 

But q is the quantity of heat given up during the formation ol a layer 
of ice one square centimetre in area and {xi - Xq) centimetres thick, 
from water at o°C. The density of ice being about 091, the mass of 
this layer of ice = - ^0) ^ * x o’9i, and in freezing, this mass will 

give up 


heat units. Then 


0-91 (jTi - Xq) X 80 = 73 (Xj - Xq) 

,= 73(..-.„) = 4 oK(^) 
xl - = 0*55 K(/i - /o) • • 


(I) 


During the next short interval of time (/g - ^1) let the ice increase in 


thickness fiom Xj to X2 centimetres. Thus 

x?^ - x^ = 0*55 K (/2 - /i) . . 

. . . (2) 

Similarly 

x^ - xj = 0*55 K (/g - • . 

. . . (3) 

X/t—i X „_2 — 0*55 ^ (^n— 1 “■ ^n — V')' 

. . - I) 

x» — x"fi_^ = 0*55 K. (Ai ~ At— 1) 

. . . (;/) 


Adding together equations (i), (2), (3), (« - i), («), 

obtain 


- ^0 = 0*55 K (/„ - ^q). 


we 


If /q represents the time when freezing commences Xq = o), then 
a layer x centimetres thick will be formed in a time / given by equation 

= 0*55 K/ = 0*55 X o’oo5 / = 0*00275 /, and x = 0*052 
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Thus at the end of one second the ice will be 0*052 centimetres thick, 
at the end of four seconds it will be twice this thickness, &c. The 
curve representing the connection between jc-and / is a parabola, with 
vertex at ^ = o, ^ = o, and focus on the axis of /. 

(48) According to Newton’s law of cooling, the rate at which a body 
loses heat by radiation is proportional to the difference between its 
temperature and the temperature of its surroundings ; hence, if the 
specific heat of the body is constant, its rate of fall of temperature is 
proportional to the difference between its temperature and the 
temperature of its surroundings. 

Let the temperature of the ball at any instant be equal to f C, ; then, 
since the difference between its temperature and the temperature of its 
surroundings is Z®, at the end of a short interval of time its temperature 
will be equal to (Z - al) = z(i - a)^ where a is a constant depending 
only on the length of the short interval of time and the dimensions, 
mass, and specific heat of the ball. At the end of the next short 
interval of time, equal to the first interval the temperature will be 
equal to that at the beginning oPthis interval multiplied by (i - a), or 
/(j — If there are ti of these intervals in a minute, the tempera- 
ture at the end of a minute will be equal to Z(l - a)^ = kt, where 
>& = (i - ay* = a constant depending only on the dimensions, mass, and 
specific heat of the body. At the end of the second minute the 
temperature will be equal to and at the end of m minutes the 
temperature will be equal to Hence the teniperafures at the ends of 

equal successive of time form a geometrical progression. 

The initial temperature of the ball being its temperature at the 
end of six minutes will be equal to FZ„ ; this is equal to 300® C. After 
another minute at the end of seven minutes) its temperature will 
be equal to >t’’Zo, and this is equal to 25o'’C. Thus 

U^t^ _ ^ _ 2 50 _ y 
~ ~ 300 ~ 30’ 

Then, /!“4 = = 3 °° ; 

/„ = 3oox ^^y = 300 x(i-2)'. 

= 896° C. 

(49) The solution of this problem involves another, which it will be 
convenient to deal with first. We shall therefore first prove that when 
any substance expands isothermaUy along a reversible path so 

Q 2 
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that the pressure falls from p dp\o p, the heat absorbed by the 
substance is equal to 


B dv 


dp 


where J = mechanical equivalent of unit quantity of heat. 

$ = temperature,# measured on thermodynamical scale (p. 339), 
at which the operation is conducted. 
dv 

^ = ratio of increase of volume to increase of temperature, when 
the pressure remains constant. 

Let B A (Fig. i) be a short element of the isothermal of the substance 
at temperature $; and let B denote the initial, and A the final, condi- 
tion of the substance, pressures 
being measured vertically up- 
wards, and volumes horizontally 
from left to right. Let D H 
be an element of the isother- 
'mal for a slightly higher 
temperature 8 + dd. Draw 
the adiabatics C A and D B 
through A and B respectively. 
Then if a quantity Q of heat 
is absorbed during the expan- 
sion from B to A, and Q + dQ 
is absorbed during expansion from D to C, it follows (p. 341) 
that 

Q + dQ _9 + de 

Q " e 



Fig. I. 


’ ' Q 8 ^ 


and . Q = 


0 


rfQ 


Q is the quantity of heat to be determined. Further, dQ is equal to 
the area of the cycle D C A B divided by J (p. 333). 

To determine area of cycle D C A B, draw the horizontal lines B F 
and E H through B and A respectively. Through B and F draw the 
vertical lines B E and F G. Then, areas of parallelograms D C A B 
and B F H A are equal, since the parallelograms are between the same 
parallels D H and BA, and have*the common base BA. Also, areas 
of parallelograms B F H A and B F G E are equal, since the parallelo- 
grams are between the same parallels B F and E H, and have the 
common base B F. Therefore areas D C A B and B F G E are equal. 
Also, BK = dp, the difference between the pressures at B and A. If 
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the rate of increase of volume with temperature when the pressure ■ 

is constant is equal to then B F = ^ 

Cv oB 

Area DCAB = area BFGE = BF x B E 

" dt j 

Application to a perfect gas. Here /z. = R 0 , so that 

R R 

V = ~ 0, and dv = — d0, 

P p 




Application to water. Above 4“ C, water expands when the 

0Z/ 

temperature rises ; that is, x- is positive. Between o* and 4“ C., 
00 

^ is negative. Therefore, above 4® C., water absorbs heat when it 

expands isothermally ; between o® and 4® C., water gives out heat 
when it expands isothermally (f.e., when the pressure to which it is 

subjected is diminished). The value of ^ can be determined from 
table, p. 83. 

Consider, now, the porous plug experiment. Let a gram of gas 
be forced through the porous plug E (Fig. 2) by the piston C, under 


a pressure p + (/p. To the 
right of the plug let the 
pressure p be maintained by 
the pistoii D. Initially, let 
the piston D be in contact 
with the plug E ; and as the 



piston C moves up to the plug, so forcing a gram of the gas through it, 
let piston D move towards the right. Let the gram of gas have the 
volume V after being forced through the plug, its volume before being 


forced through having the value (v - cfe’)- Then, work done on gas 


by piston C =■ {p + dp) {v - dv)^ while work done by gas on piston D 
= pv. Therefore, nett work done on gas during operation =s 
ip + dp) {v - ddf - pv = vdp - pdv^ when dp x dv is neglected. 

No heat enters the gas from outside or leaves the gas through the 
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walls of the cylinder. Therefore, the net work done on the gas 
must be equivalent to the increase in the internal energy of 
the gas. 

Let the temperature of the gas be 6 before it is forced through the 
plug, and $ do afterwards ; and let the initial and final conditions of 
the gas correspond to the points A and B 
(Fig. 3) of the />z> diagram. The operation 
of forcing the gas through the plug is irre- 
versible ; that is, the gas cannot be caused 
to pass back again through the plug from the 
pressure p to the pressure p + dp. But the 
internal energy of the gas at B has the same 
value whether it has reached that point by an 
irreversible or by a reversible path. Therefore, 
the increase in the internal energy of the gas between A and B is equal 
to the net energy gained by the gas in reaching B by the path A C B, 
where A C is an isothermal expansion at temperature corresponding 
to a fall of pressure dp ; and C B is an expansion at constant pressure 
due to a rise of temperature d%. 



During the isothermal expansion, heat gained by gas = j 

During the constant pressure expansion, heat gained by gas 
= SpdB^ where Sp denotes the specific heat of the gas at constant 
pressure. 

External work done by gas during both expansions = pdv. 
Net increase in internal energy (measured in ergs) 


= 

vdp - pdv ~ B^^dp + J Vpdd 


pdv. 


and 


vdp = Q^-dp ^-IspdQ, 
de If .dv ) 


{a) 


dS 

Here, “ = heating effect per unit fall of pressure. 
db 


' dp 

Application to perfect gas. 

07 / 

V - V 

dB 


Here (p. 4 ? 5 ) 
e — = z; - -- = o 

p p 


a perfect gas is neither heated, nor cooled by being forced through a 
porous plug. 
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Application to water. 


The value of ™ for water can be found 

de 


from the table on p. 83. For ordinary temperatures, the right-hand side 
of [a) is positive, so that if water is forced under pressure through a 
porous plug (or through the walls of a porous vessel) the temperature is 
08 

raised. Notice that in pressure is measured in dynes per sq. cm. 

An atmosphere is nearly equal to 10® dynes per sq. cm., so that to 
determine the rise of pressure per atmosphere fall of pressure, the 
right-hand side of {a) must be multiplied by 10®. 

To determine the absolute zero of temperature. Lord Kelvin 
found that air and carbon dioxide are cooled by being forced through a 
porous plug, while hydrogen is heated. In all cases the eflect varies 
with the temperature at which the experiment is conducted (pp. 
377—378), but the absolute zero of temperature can be determined 
by using the mean value of the heating or cooling effect over the 
range 0“ to 100“ C. Between these temperatures let the mean heating 
effect, per atmosphere fall of pressure, be denoted by K, which is a 
quantity having a positive value for hydrogen, and negative value for 

air and carbon dioxide. In equation (a) wiiting we 

find that ^ , f SpJ K\ 

$civ = ^ 1 / - = {v - 


if 


10® 


dv _ f/8 
'' V " k 0 

Integrating the right-hand side of this equation between 80, the 
absolute temperature of melting ice, and Oq + lOO ; and integrating 
the left-hand side between the corresponding values z'o Vjqq for the 
volume of a gram of the gas, we find that 



80+ loop 
^0 




e -I- £00 _ 7^100 - k 

Oq Vq - k 

roo _ ^100 - Vq 

^ ^ ^0 Vq - k ' 
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Now, on a gas thermometer pv = RT, where R and T vary slightly 
with the gas used, T is the absolute temperature as determined by the 
gas thermometer in which the gas in question is employed. Then 

*'100 = ^ ('^0 + ioo)» while Vo = ^ (To) 


100 



100 R 

Rto”-7j 


“To 


R* 


Here, ^o denotes the temperature of melting ice, measured on the 
absolute dynamical scale ; Tq is the absolute temperature of melting 
ice measured by the given constant pressure gas thermometer, and is 
equal to the reciprocal of the coefficient of expansion of the gas at con- 
stant pressure. R is a constant found by multiplying the pressure by 
the volume of a gram of the gas at o* C., and dividing the result 
by the absolute temperature of melting ice, measured on a thermometer 
containing the given gas. Finally, k is determined from the porous 
plug experiment. 

It is found that, using air for the gas thermometer and applying 
the above correction, Bq = 273' 14. Using hydrogen, the value of 
= 273*00. Using carbon dioxide, Bq = 273*04, while T^, the 
absolute temperature of melting ice measured on the constant pressure 
carbon dioxide thermometer, = 267*24. 

(50) The internal energy of a perfect gas is reblricted to the kinetic 
energy of its molecules and atoms (pp. 296-297). When a perfect gas 
expands adiabatically, the external work performed is equal to the 
kinetic energy lost by the gas molecules, and this lo.ss of energy 
entails a fall of temperature from (say) T^ to T2. If the same gas had 
been coo/ea at constant volume from Tj to T^, the molecules of the gas 
would have lost the same amount of kinetic energy ; therefore if the 
mass of the gas is and its specific heat aJL constant volume is the 
heat which disappears in cither case is equal to Hence 

work done during adiabatic expansion = JmcpiTi^T^), 

From the equation on p. 295, J = R/(fp — c ^) ; therefore work done 
during adiabatic expansion 


= ;//R. 


?_ (T, - T,) = £^( Ti ~ 

Cp- c, y - 1 


Now, from p. 300, RTj = product of pressure and volume of one 
gram of the gas at temperature Tj. Therefore wRTj = product of 
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pressure /j and volume Vj of m grams of the gas at temperature Tj ; 
and wRTj = product of pressure /j and volume f/2 of the same 
m grams of gas at temperature Tj. Hence work performed = 

(/iVi - /a*'8)/(7 ' i). 

If the gas expands to infinity, all of the kinetic energy possessed by 
its molecules is used up in doing external work, and therefore the 
temperature falls to zero (absolute) ; in this case Tj = o, and 
wRTg = = o, so that the work done during expansion = 

p^vj[y - i). Thus the energy possessed by the molecules comprised 
in a volume v-^ of gas at pressure pi is equal to pivjiy - i) ; this is 
called the intrimic energy of the gas under the given conditions. 

Example . — To find the intrinsic energy of i gram of hydrogen at 
0“ C. under a pressure of 760 mm. of mercury. 

A pressure of 760 mm. of mercury = lo® dynes per sq. cm. nearly. 
Under this pressure l gram of hydrogen will have a volume of 11,160 
c.c. (p. 296). Also 7 = 1*42 (p. 297). Thus, intrinsic energy 

_ ^ ^ X 10'® = 2*64 X 10'® ergs. 

1*42 - I 0*42 
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